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The processes of mineral carbonation have played a very important role 
throughout the history of the Earth. For example, it is considered that large volumes 
of diagenetic limestones have been formed from carbonation processes of evaporite 
sulphate deposits, by interaction with carbonated waters. The minerals gypsum 
(CaSO4·2H2O) and anhydrite (CaSO4) are the main components of this type of 
deposits. When this doctoral thesis was started, there was vast information about 
the characteristics of gypsum carbonation, but the knowledge about different 
aspects of carbonation of anhydrite was more limited. This doctoral thesis has 
focused on expanding and deepening knowledge of these aspects. 
The carbonation of anhydrite in contact with carbonated aqueous solutions is 
developed by coupled dissolution-crystallization reactions through the interface and 
leads to the formation of calcite pseudomorphs. This process has topotactic 
character, which significantly influences the development of the textural 
characteristics of the calcite pseudomorphs formed from anhydrite. On the other 
hand, the process of carbonation of anhydrite is accompanied by the generation of 
large volumes of porosity, which evolves over time. In addition, the characteristics 
of this process are affected by the concentration of the carbonated solution with 
which the anhydrite interacts, so that, when the carbonate concentration is low, the 
carbonation reaction is slower, involves the formation of larger volumes of porosity 
and develops through a more complex reaction pathway. This last aspect leads us to 
suggest that the SO42-/CO32- ratio in the aqueous phase exerts an influence similar 
to that of the Mg2+/Ca2+ratio on the CaCO3 polymorphism. 
The objectives of this thesis have been, therefore: 
 Study the crystallographic relationships between calcite and anhydrite, and its 
effect on the kinetics and reaction pathways of the carbonation process of 
anhydrite. 




 Study the influence of the initial carbonate concentration in the aqueous phase 
on the characteristics of the anhydrite carbonation process and the resulting 
pseudomorphs. 
 Progress in the understanding of the role of SO42-/CO32- in the aqueous phase in 
the CaCO3 polymorphism and the reaction pathways during the carbonation 
reaction. 
This thesis is structured in 4 introductory chapters (Introduction, Objectives, 
Antecedents and Methodology) and in 5 chapters of results. Of these results, two 
correspond to works already published and the rest will be included in 3 works that 
are in the writing process. 
Chapter 5 describes the epitaxy relationships between calcite and anhydrite. 
These relationships involve the planes {104} of the calcite and planes {100}, {010} 
and {001} of the anhydrite, with the directions <41> of the calcite oriented 
parallel to the directions < 100>, <010> and <001> of the anhydrite. 
Chapter 6 presents a study of the generation of porosity during the 
carbonation of anhydrite and its evolution. The generated porosity is mainly 
organized in interconnected channels, constituting a permeable network that allows 
communication between the carbonated solution and the calcite-anhydrite interface. 
The organization of the porosity is the result of a process of "Ostwald Ripening" 
that leads to the disappearance of smaller pores. The final result of this evolution are 
pseudomorphs containing a network of channels, mostly oriented along the 
direction [001] of the anhydrite, which points to a certain degree of structural 
control of the development of porosity. 
Chapter 7 deals with the influence of the carbonate concentration in the 
aqueous solution on the characteristics of the carbonation. When the carbonate 
concentration in the solution is low, carbonation proceeds at a slower rate and 
occurs through a polymorph formation sequence of CaCO3 much more complex 
than when the carbonate concentration is high. In addition, when the carbonate 
concentration is low, carbonation is associated with the generation of greater 
volumes of porosity for the same volume of primary carbonated phase and this 
Abstract 
3 
porosity is located mostly in a gap that develops between the primary and secondary 
phase(s). Moreover, the reproduction of the microtopography of the primary phase 
in the pseudomorphs is less perfect than when the carbonate concentration is high. 
The high complexity of the pathway through which carbonation proceeds 
when the carbonate concentration in the solution is low, points to an important 
influence of the SO42-/CO32- ratio in the fluid phase on the CaCO3 polymorphism. 
Chapter 8 focuses on the study of this influence. It presents the results of 
precipitation experiments and aging of CaCO3 precipitates in aqueous solutions with 
different SO42-/CO32- ratios. It is observed that when precipitation and aging occur 
in the presence of low concentrations of SO42- (or low SO42-/CO32-), vaterite and 
calcite are formed, with calcite being the only polymorph present in the system after 
long aging times. When the concentration of SO42- is medium, precipitation of 
vaterite is observed, accompanied by a small amount of calcite. In this case, the 
aging of the precipitates leads to the appearance of aragonite at long times. In the 
case that the concentration of SO42- is high, only the precipitation of vaterite is 
observed, which evolves into aragonite, also forming gypsum after long aging times.  
The results obtained indicate that increasing the amount of SO42- in the aqueous 
phase inhibits the formation of calcite, at least in the initial moments of the process. 
On the other hand, the SO42-/CO32- ratio in the solution affects the morphology of 
the calcite crystals, which extend parallel to the c-axis as the reaction time increases. 
This elongation becomes more evident the higher the concentration of SO42- is. 
Aragonite is formed as an alternative phase to calcite, probably due to a combined 
effect of inhibition of growth and increase of the solubility of calcite when SO42- 
groups are incorporated into its structure. This incorporation of SO42- is supported 
by the results of EDX analysis. The content of S in calcite decreases throughout 
aging. 
Chapter 9 presents the differences found in reaction pathways during the 
interaction of gypsum or anhydrite fragments with aqueous solutions of Na2CO3 of 
different concentration (0.05M and 0.5M). This interaction using a low carbonate 
concentration (0.05M) leads to the formation of calcite as the only polymorph in the 
case of anhydrite, and vaterite and calcite in the case of gypsum. When increasing 
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the carbonate concentration to 0.5M, starting from anhydrite, the polymorphs 
formed are vaterite and calcite, with calcite being the only solid phase present in the 
system at long times. In the case of interaction with gypsum a large amount of 
vaterite and calcite is formed, in addition to small amounts of aragonite at long 
times. With regard to the composition of the solution, the concentration of Na 
remains constant throughout the process, while the concentration of S and that of 
Ca increases. The most obvious difference between the interaction with gypsum or 
with anhydrite is related to the kinetics of the process, which is much faster in the 
case of gypsum. In both cases, the greater the initial concentration of carbonate in 
the solution ([CO32-]0), the higher the concentration of S ([S]) and the lower the 
concentration of Ca ([Ca]) that is reached during the process. Also in both cases, the 





Los procesos de carbonatación mineral han jugado un papel muy relevante a 
lo largo de la historia de la Tierra. Por ejemplo, se considera que grandes volúmenes 
de calizas diagenéticas se han formado a partir de procesos de carbonatación de 
depósitos de sulfatos evaporíticos, por interacción con aguas carbonatadas. Los 
minerales yeso (CaSO4·2H2O) y anhidrita (CaSO4) son los componentes principales 
de este tipo de depósitos. Cuando se inicia esta tesis doctoral se contaba con amplia 
información sobre las características de la carbonatación del yeso, pero el 
conocimiento sobre distintos aspectos de la carbonatación de la anhidrita era más 
limitado. Esta tesis doctoral se ha centrado en ampliar y profundizar el 
conocimiento de esos aspectos.  
La carbonatación de anhidrita en contacto con disoluciones acuosas 
carbonatadas se desarrolla a través de reacciones de disolución-cristalización 
acopladas a través de la interfase y conduce a la formación de pseudomorfos de 
calcita. Este proceso tiene carácter topotáctico, lo que influye significativamente en 
el desarrollo de las características texturales de los pseudomorfos formados a partir 
de anhidrita. Por otro lado, el proceso de carbonatación de la anhidrita va 
acompañado por la generación de grandes volúmenes de porosidad, la cual 
evoluciona a lo largo del tiempo. Además, las características de este proceso se ven 
afectadas por la concentración de la disolución carbonatada con la que interacciona 
la anhidrita, de modo que, cuando la concentración de carbonato es pequeña, la 
reacción de carbonatación es más lenta, involucra la formación de mayores 
volúmenes de porosidad y se desarrolla a través de un camino de reacción más 
complejo. Este último aspecto lleva a plantear que la relación SO42-/CO32- en la fase 
acuosa ejerza sobre el polimorfismo del CaCO3 una influencia similar a la de la 
relación Mg2+/Ca2+.  
Los objetivos de esta tesis han sido, por tanto: 
 Estudiar las relaciones cristalográficas existentes entre la calcita y la anhidrita de 
partida, y su efecto en la cinética y los caminos de reacción del proceso de 
carbonatación de la anhidrita. 
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 Caracterizar la porosidad generada en este proceso y su evolución espacio-
temporal. 
 Estudiar la influencia de la concentración inicial de carbonato en la fase acuosa  
en las características del proceso de carbonatación de anhidrita y de los 
pseudomorfos resultantes.  
 Avanzar en la comprensión del papel de la relación SO42-/CO32- en la fase 
acuosa en el polimorfismo del CaCO3 y los caminos de reacción durante la 
reacción de carbonatación. 
Esta tesis se estructura en 4 capítulos introductorios (Introducción, Objetivos, 
Antecedentes y Metodología) y en 5 capítulos de resultados. De estos resultados, 
dos corresponden a trabajos ya publicados y el resto se incluirán en 3 trabajos que se 
encuentran en su proceso de redacción. 
El capítulo 5 describe las relaciones de epitaxia entre la calcita y la anhidrita.  
Estas relaciones involucran a los planos {10 4} de la calcita y los planos {100}, 
{010} y {001} de la anhidrita, con las direcciones < 41> de la calcita orientadas 
paralelamente a las direcciones <100>, <010> y <001> de la anhidrita. 
El capítulo 6 presenta un estudio de la generación de porosidad durante la 
carbonatación de la anhidrita y su evolución. La porosidad generada  se organiza, 
principalmente, en canales interconectados, constituyendo un entramado permeable 
que permite la comunicación entre la disolución carbonatada y la interfase calcita-
anhidrita. La organización de la porosidad es el resultado de un proceso de 
“Ostwald Ripening” que conduce a la desaparición de poros más pequeños. El 
resultado final de esta evolución son pesudomorfos que contienen un entramado de 
canales, mayoritariamente orientados a lo largo de la dirección [001] de la anhidrita, 
lo que apunta a cierto grado de control estructural del desarrollo de la porosidad.   
El capítulo 7 trata de la influencia de la concentración de carbonato en la 
disolución acuosa en las características de la carbonatación. Cuando la 
concentración de carbonato en la disolución es pequeña, la carbonatación avanza a 
menor velocidad y se produce a través de una secuencia de formación de polimorfos 
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del CaCO3 mucho más compleja que cuando la concentración de carbonato es alta. 
Además, cuando la concentración de carbonato es baja, la carbonatación se asocia a 
la generación de mayores volúmenes de porosidad para un mismo volumen de fase 
primaria carbonatada y esta porosidad se localiza en su mayor parte en un hueco que 
se desarrolla entre las fases primaria y secundaria(s). También, la reproducción de la 
microtopografía de la fase primaria en pseudomorfo es menos perfecta que cuando 
la concentración de carbonato es alta.  
La alta complejidad del camino de reacción a través del cual procede la 
carbonatación cuando la concentración de carbonato en la disolución es baja apunta 
a una importante influencia de la relación SO42-/CO32- en la fase fluida sobre el 
polimorfismo del CaCO3. El capítulo 8 se centra en el estudio de esta influencia. En 
él se presentan los resultados de experimentos de precipitación y envejecimiento de 
los precipitados formados de CaCO3 en disoluciones acuosas con distintas 
relaciones SO42-/CO32-. Se observa que cuando la precipitación y el envejecimiento 
se producen en presencia de concentraciones bajas de SO42- (o bajas relaciones 
SO42-/CO32-) se forma vaterita y calcita, siendo la calcita el único polimorfo presente 
en el sistema tras tiempos de envejecimiento largos. Cuando concentración de SO42- 
es media, se observa la precipitación de vaterita, acompañada por una cantidad 
pequeña de calcita. En este caso, el envejecimiento de los precipitados conduce a la 
aparición de aragonito a tiempos largos. En el caso de que la concentración de SO42- 
sea alta, sólo se observa la precipitación de vaterita, la cual evoluciona a aragonito, 
formándose además yeso tras tiempos de envejecimiento largos. Los resultados 
obtenidos indican que al aumentar la cantidad de SO42- en la fase acuosa inhibe la 
formación de calcita, al menos en los momentos iniciales del proceso. Por otro lado, 
la relación SO42-/CO32- en la disolución afecta a la morfología de los cristales de 
calcita, que se alargan paralelamente al eje c al aumentar el tiempo de reacción. Este 
alargamiento se hace más evidente cuanto mayor es la concentración de SO42-. El 
aragonito se forma como fase alternativa a la calcita, probablemente debido a un 
efecto combinado de inhibición del crecimiento y de aumento de su solubilidad al 
incorporarse grupos SO42- en su estructura. Esta incorporación de SO42- es apoyada 
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por los resultados de análisis EDX. El contenido de S en la calcita disminuye a lo 
largo del envejecimiento.  
El capítulo 9 presenta las diferencias encontradas en los caminos de reacción 
durante la interacción de fragmentos de yeso o de anhidrita con disoluciones 
acuosas de Na2CO3 de distinta concentración (0.05M y 0.5M). Esta interacción 
empleando una concentración baja de carbonato (0.05M) conduce a la formación de 
calcita como único polimorfo en el caso de la anhidrita, y vaterita y calcita en el caso 
del yeso. Al aumentar la concentración de carbonato a 0.5M, partiendo de anhidrita, 
los polimorfos formados son vaterita y calcita, siendo la calcita la única fase sólida 
presente en el sistema a tiempos largos. En el caso de la interacción con yeso se 
forma una gran cantidad de vaterita y calcita, además de pequeñas cantidades de 
aragonito a tiempos largos. En cuanto a la composición de la disolución, la 
concentración de Na se mantiene constante durante todo el proceso, mientras que la 
concentración de S y el de Ca aumenta. La diferencia más evidente entre que la 
interacción se produzca con yeso o con anhidrita se relaciona con la cinética del 
proceso, siendo ésta mucho más rápida en el caso del yeso. En ambos casos, cuanto 
mayor es la concentración inicial de carbonato en la disolución ([CO32-]0), mayor es 
también la concentración de S ([S]) y menor la de Ca ([Ca]) que se alcanza durante el 
proceso. También en ambos casos, el pH de la disolución desciende más lentamente 






Los minerales formadores de roca yeso (CaSO4·2H2O) y anhidrita (CaSO4) 
son los sulfatos más comunes en la superficie terrestre. Ambos se forman en 
ambientes evaporíticos, el yeso por precipitación directa en un amplio rango de 
temperaturas, mientras que la formación de anhidrita se interpreta normalmente 
como secundaria, a partir de yeso, aunque distintos autores han atribuido un origen 
primario a la anhidrita cuando ésta se forma en condiciones de muy alta salinidad y 
en presencia de bacterias halofílicas (Anthony et al., 2003; Cody and Hull, 1980; 
Freyer and Voigt, 2003). La anhidrita también es un mineral relevante en campos 
hidrotermales submarinos, donde los procesos de disolución-cristalización y 
reemplazamiento mineral que afectan a esta fase contribuyen a incrementar la 
permeabilidad de las estructuras hidrotermales y hacen que juegue un papel 
fundamental en los ciclos geoquímicos del S y de distintos metales (Kuhn et al., 
2003). 
Distintos autores han destacado la relevancia de los procesos de 
reemplazamiento mineral que involucran a sulfatos formadores de roca en una 
variedad de problemas geológicos, desde la formación de depósitos explotables de 
algunos minerales a la regulación de los niveles de CO2 en la atmósfera. Por 
ejemplo, los grandes depósitos de celestina (SrSO4), la principal fuente de Sr y un 
mineral poco común en comparación con otros sulfatos de cationes divalentes, 
aparecen normalmente asociados a rocas sedimentarias y su formación ha sido 
atribuida por Hanor (2004) a la interacción de yeso y/o anhidrita con disoluciones 
acuosas que contienen Ba y Sr. Esta interacción conduciría a un progresivo 
enriquecimiento relativo de la disolución acuosa en Sr, mediado por la disolución de 
los sulfatos cálcicos y la subsecuente precipitación de barita, lo que eventualmente 
garantizaría que se alcanzaran las condiciones de concentración de Sr óptimas para 
la precipitación de celestina. De forma similar, se ha atribuido un origen diagenético 
a la formación de grandes volúmenes de carbonatos en cuencas sedimentarias, los 
cuales habrían resultado de la interacción de aguas carbonatadas con depósitos de 
sulfatos cálcicos evaporíticos a lo largo de etapas prolongadas (Alonso-Zarza et al., 
2002; Azam, 2007; Dejonghe et al., 1998; Kendall, 2001; Pierre and Rouchy, 1988; 
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Rouchy et al., 1998; Sanz-Rubio et al., 2001; Stafford et al., 2008). Es evidente la 
importancia que este último proceso puede haber tenido a lo largo de la historia de 
la Tierra, al promover la fijación de CO2 atmosférico y su almacenamiento en forma 
de rocas calizas. Como se explica extensamente en el capítulo 3 (Antecedentes), este 
proceso ha sido estudiado experimentalmente en detalle para el caso del yeso, 
evidenciándose la no existencia de relaciones topotácticas entre las fases sólidas 
implicadas en la carbonatación del yeso, que el avance del proceso va acompañado 
por la generación de grandes volúmenes de porosidad y que la concentración de 
carbonato en la disolución acuosa que interacciona con los cristales de yeso afecta a 
la secuencia de formación de fases del CaCO3 a través de la cual se desarrolla su 
carbonatación. Este último aspecto de la carbonatación del yeso tiene una especial 
importancia porque se relaciona de forma directa con el polimorfismo del CaCO3, 
uno de los problemas fundamentales de la mineralogía y sobre el cual se ha centrado 
a lo largo de las últimas dos décadas la atención de distintas disciplinas, desde la 
química a la nanociencia (Bots et al., 2012; Gebauer et al., 2010; Meldrum and 
Cölfen, 2008). Es bien sabido que las fases del CaCO3 son ubicuas en la naturaleza, 
donde pueden tener un origen puramente inorgánico o biogénico, tanto si se forman 
a través de procesos mediados por la actividad metabólica de organismos vivos 
como si son el constituyente inorgánico de tejidos duros biológicos (Carlson, 1983; 
Radha and Navrotsky, 2013). Además, estas fases tienen numerosas aplicaciones 
tecnológicas y su formación indeseada en determinados contextos industriales 
representa un problema de dimensiones enormes en todo el planeta (Meldrum and 
Cölfen, 2008; Sheikholeslami and Ong, 2003). 
En el momento de iniciarse esta tesis doctoral se conocían algunos aspectos 
sobre la carbonatación de la anhidrita que apuntaban a la existencia de diferencias 
significativas con respecto a las conocidas sobre la carbonatación del yeso. Una de 
estas diferencias se refiere al carácter topotáctico de la carbonatación de anhidrita, 
que se había constatado pero cuyas características concretas estaban pendientes de 
ser analizadas. También se conocía que el volumen de porosidad generado durante 
la carbonatación de anhidrita es mucho menor que en el caso del yeso y se organiza 




evolución espacio-temporal no se había iniciado. Otra diferencia fundamental entre 
las características de la carbonatación de yeso y anhidrita se refiere a la secuencia de 
reacción a través de la cual procede esta última. La exploración de esta secuencia y 
su dependencia con respecto a la concentración de carbonato en la fase acuosa es un 
problema que también estaba pendiente de abordar. Por otro lado, la observación de 
que la carbonatación del yeso involucra la formación de distintas fases de CaCO3 
dependiendo de la concentración de carbonato en la disolución acuosa con la que 
interacciona apunta a un papel significativo del oxoanión sulfato (SO42-) en el 
polimorfismo del CaCO3. Este posible papel del sulfato ya había sido planteado por 
distintos autores (Arroyo-de Dompablo et al., 2015; Bots et al., 2011; Fernández-
Díaz et al., 2010). Sin embargo, está lejos de ser comprendido totalmente y un 
estudio detallado de la carbonatación de la anhidrita puede aportar información que 

























Teniendo en cuenta las consideraciones expuestas en los párrafos anteriores, 
se han definido los siguientes objetivos para Tesis Doctoral: 
1. Identificar y caracterizar las relaciones cristalográficas (epitaxia) que se establecen 
entre la fase primaria anhidrita (CaSO4) y la fase secundaria calcita (CaCO3) durante 
la carbonatación de la primera en contacto con una disolución acuosa, tomando en 
consideración las tres superficies principales de la anhidrita: (100), (010), (001).   
2. Evaluar y discutir la influencia de la existencia de relaciones cristalográficas entre 
calcita y anhidrita en la cinética del proceso de carbonatación. 
3. Caracterizar la porosidad generada durante el proceso de carbonatación de la 
anhidrita, su organización espacial y la evolución espacio-temporal de sus 
características durante el envejecimiento en contacto con la disolución acuosa. 
4. Evaluar la posible existencia de una relación entre la organización de la porosidad 
generada en la carbonatación y las características estructurales de la anhidrita. 
5. Estudiar la influencia de la concentración de carbonato en la disolución acuosa en 
el desarrollo de características texturales durante la carbonatación de anhidrita. 
6. Estudiar la influencia de la concentración de carbonato en la disolución acuosa en 
el camino de reacción a través del cual se desarrolla la carbonatación de anhidrita. 
7. Avanzar en la comprensión de la influencia del oxoanión sulfato en el 















3.1. REACCIONES ACOPLADAS DE DISOLUCIÓN – CRISTALIZACIÓN 
MINERAL 
Una gran parte de los procesos que afectan a minerales en ambientes 
superficiales y subsuperficiales se desarrollan a través de reacciones que implican la 
disolución de una fase inicial y dan lugar a la cristalización de una o más fases 
secundarias. Este tipo de reacciones están implicadas en la formación de algunos 
depósitos minerales, como por ejemplo los de origen hidrotermal, los volcano-
sedimentarios o los supergénicos, en procesos metasomáticos, en la diagénesis y, en 
general, en cualquier tipo de proceso en el cual una disolución acuosa 
multicomponente interacciona con un mineral (Pohl, 2011; Tucker, 2001).  
Durante el desarrollo de las reacciones de disolución-cristalización que tienen 
lugar cuando un fluido multicomponente entra en contacto con una fase mineral, las 
características fisicoquímicas concretas de la fase fluida (composición, pH, etc.) y las 
propiedades termodinámicas y cinéticas de la fase mineral original, como su 
solubilidad o la velocidad de disolución de sus diferentes caras cristalográficas, 
pueden favorecer un acoplamiento entre la velocidad a la que se disuelve la fase 
primaria y la velocidad a la que se forma la(s) fase(s) secundaria(s). Cuando se da 
este acoplamiento, se desarrollan fenómenos de remplazamiento mineral que tienen 
carácter pseudomórfico, es decir, transcurren con preservación de la forma externa 
de la fase primaria (Putnis, 2002). Con frecuencia, el grado de acoplamiento es tal 
que garantiza que, además de la forma externa, en la(s) fase(s) secundaria(s) queden 
preservados los detalles más delicados de las superficies de la fase primaria, a veces 
hasta su nanotopografía. Los estudios de distintos autores han demostrado que, en 
ocasiones, se pueden transferir a la(s) fase(s) secundaria(s) algunas características 
texturales y/o microestructurales de la fase primaria, como pueden ser planos de 
macla y otros defectos planares o el tamaño del cristalito (Casella et al., 2018; Xia et 
al., 2009a). Se ha definido como escala del pseudomorfismo (Fernández-Díaz et al., 
2009; Pöml et al., 2007) el grado de perfección con el que las distintas características 
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de la fase primaria se transfieren a la(s) fase(s) secundaria(s). Se ha contrastado que 
la escala del pseudomorfismo viene determinada por el grado de ajuste entre las 
cinéticas de disolución de la fase primaria y precipitación de la(s) fase(s) 
secundaria(s) (Fernández-Díaz et al., 2009; Pöml et al., 2007; Xia et al., 2009a). El 
principal requerimiento para que este ajuste sea bueno es que el proceso limitante de 
la reacción sea la disolución de la fase primaria, mientras que la precipitación de la(s) 
fase(s) secundaria(s) se produce de forma instantánea, es decir, con un tiempo de 
inducción que tiende a cero (Putnis, 2002; Putnis, 2009; Putnis, 2015; Putnis and 
Putnis, 2007; Ruiz-Agudo et al., 2016; Ruiz-Agudo et al., 2014). Habitualmente, 
estas reacciones acopladas conducen a la formación de agregados cristalinos a partir 
de monocristales. Estos agregados están constituidos por numerosos cristales cuyo 
tamaño es tanto menor cuanto mejor es el acoplamiento entre el proceso de 
disolución de la fase primaria y el de cristalización de la(s) fase(s) secundaria 
(Fernández-Díaz et al., 2009). Un buen acoplamiento entre las cinéticas de ambos 
procesos también se refleja en una reproducción más exacta de los detalles de la 
topografía original de la fase primaria en el pseudomorfo, ya que la cristalización es 
inmediata en el momento en el que se produce la disolución, sin que se desmonte la 
superficie antes de que se produzca la nucleación. A esta buena reproducción 
también contribuye el que la superficie original quede recubierta por una alfombra 
de cristales muy pequeños. 
 
3.2. PROGRESO DE LOS PROCESOS DE REEMPLAZAMIENTO 
MINERAL: GENERACIÓN DE POROSIDAD Y SU EVOLUCIÓN 
Para que un proceso de reemplazamiento mineral que se desarrolla a través de 
una reacción acoplada de disolución-cristalización pueda progresar es necesario que 
exista una comunicación continua entre la fase fluida y la interfase que surge entre 
las fases minerales primaria y secundaria(s). En efecto, es en esta interfase donde 
tiene lugar la reacción acoplada. Esta comunicación entre interfase y volumen de la 
fase fluida garantizada cuando el proceso del reemplazamiento lleva asociada la 
generación de porosidad. Esta porosidad tiene un carácter transitorio, es decir, sus 
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características evolucionan a lo largo del tiempo y puede llegar a desaparecer como 
consecuencia de esta evolución (Putnis, 2002; Putnis, 2015). La formación de esta 
porosidad es una consecuencia directa del carácter pseudomórfico del 
reemplazamiento mineral cuando el cambio de volumen molar asociado a la 
reacción es negativo. A la componente de porosidad que resulta de esta pérdida de 
volumen molar puede sumarse otro componente más cuando la fase primaria es más 
soluble que la(s) fase(s) secundaria(s) (Pollok et al., 2011; Pöml et al., 2007; Putnis 
2002; Putnis 2009; Ruiz-Agudo et al., 2014).  
El volumen total de porosidad que se genera durante los procesos de 
reemplazamiento mineral se distribuye en el interior de la capa reemplazada por la(s) 
fase(s) secundaria(s). Sin embargo, en aquellos casos en los que la diferencia negativa 
de volumen molar entre las fases primaria y secundaria es muy elevada, la porosidad 
confinada en la capa reemplazada es insuficiente para dar cuenta de esta diferencia 
de volumen. Ello determina que, según va progresando la reacción de disolución-
cristalización, se produzca una acumulación de porosidad en la interfase entre las 
fases, eventualmente dando lugar a la formación de un hueco que rodea al núcleo de 
la fase primaria que todavía no ha reaccionado. El tamaño de este hueco aumenta al 
avanzar el reemplazamiento y, cuando este proceso culmina, puede resultar en la 
formación de pseudomorfos que consisten en un agregado policristalino y poros de 
la(s) fase(s) secundaria(s) con un hueco central (Fernández-Díaz et al., 2009; Pöml et 
al., 2007; Xia et al., 2009a). 
Aunque la generación de porosidad facilita los procesos de reemplazamiento 
mineral, un cambio de volumen molar negativo y una mayor solubilidad de la fase 
primaria pueden no garantizar el que la reacción de disolución-cristalización avance 
a una velocidad relevante. Este puede ser el caso cuando existen relaciones 
epitaxiales entre la fase primaria y la(s) fase(s) secundaria(s) y el crecimiento de la(s) 
última(s) sobre la primera forma un tapiz que la recubre por completo y la aísla de la 
fase fluida, impidiendo de forma efectiva que interaccionen. Este aspecto se discute 
en detalle más adelante en la sección 3.3.  
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De lo discutido hasta el momento se podría concluir que la existencia de un 
cambio de volumen molar negativo es un prerrequisito imprescindible para que una 
reacción de reemplazamiento mineral proceda a través de una reacción acoplada de 
disolución-cristalización. Sin embargo, existen numerosos ejemplos en la naturaleza 
que demuestran que este fenómeno puede tener lugar incluso cuando el cambio de 
volumen molar implicado es positivo y tiene un valor significativo. Este es el caso, 
por ejemplo, de las reacciones que tiene lugar durante la serpentinización de 
forsterita (Kelemen and Hirth, 2012; Plümper et al., 2012) o las transformaciones 
pseudomórficas de aragonito en calcita (Perdikouri et al., 2013), de calcopirita en 
bornita (Zhao et al., 2014), de hematites en calcopirita (Zhao et al., 2014), de 
magnetita en pirita (Qian et al., 2010) o de magnetita en marcasita (Qian et al., 
2010). Los estudios experimentales realizados en estos sistemas muestran que, a 
pesar de que durante el desarrollo de los procesos de reemplazamiento mineral no 
se genera una porosidad significativa, estos procesos pueden avanzar gracias a la 
formación de fracturas en la fase primaria. Estas fracturas se interpretan como 
consecuencia de la presión de cristalización que la(s) fase(s) secundaria(s) ejerce(n) 
sobre la primaria. La fase fluida puede percolar a través de estas fracturas, las cuales 
proveen, además, nuevas superficies de la fase primaria que quedan expuestas a la 
interacción con la fase fluida. Aunque la velocidad de la reacción puede verse 
afectada negativamente cuando el cambio de volumen molar implicado es positivo y 
el reemplazamiento puede afectar sólo a un pequeño volumen de la fase primaria, 
una secuencia de eventos de cristalización de la(s) fase(s) secundaria(s) y fracturación 
de la fase primaria puede concluir con el total reemplazamiento de esta última 
(Altree-Williams et al., 2015; Putnis, 2009). En estos casos, la preservación de la 
forma externa de la fase primaria suele ser pobre. De hecho, es habitual que se 
formen sobrecrecimentos de la(s) fase(s) secundaria(s) en la superficie de la fase 
primaria. Estos sobrecrecimientos suelen ser muy porosos, acumulándose la 
porosidad en el contacto entre la capa reemplazada y el sobrecrecimiento (Altree-
Williams et al., 2015; Putnis, 2002; Putnis, 2009; Putnis, 2015; Putnis and Putnis, 
2007; Ruiz-Agudo et al., 2014; Ruiz-Agudo et al., 2016). 
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3.3. RELACIONES EPITAXIALES Y CINÉTICA DE LA REACCIÓN 
ACOPLADA DE DISOLUCIÓN-CRISTALIZACIÓN 
El punto inicial de un proceso de reemplazamiento mineral implica la 
nucleación de cristales de la(s) fase(s) secundaria(s) sobre la superficie externa de la 
fase primaria. Puede ocurrir que las fases implicadas en el reemplazamiento 
compartan elementos estructurales y/o cristaloquímicos (Qian et al., 2011; Xia et al., 
2009a; Xia et al., 2009b). En estos casos, con frecuencia los núcleos de la(s) fase(s) 
secundaria(s) guardan relaciones epitaxiales con el substrato primario y pueden 
pasivar parcial o totalmente a este substrato, al aislarlo del contacto con la fase 
fluida. Como resultado se produce un retardo significativo de la cinética del 
reemplazamiento. Esta situación se puede esperar cuando el cambio de volumen 
molar asociado al reemplazamiento es muy pequeño y, en consecuencia, la superficie 
de la fase primaria queda rápidamente recubierta por una delgada capa compacta de 
cristales de la(s) fase(s) secundaria(s). Este efecto es especialmente marcado cuando 
las fases primaria y secundaria son isoestructurales, ya que la capa epitaxial que 
recubre el substrato primario en estos casos suele tener un espesor de tan solo unos 
pocos nanómetros y mostrar una perfecta continuidad (Pérez-Garrido et al., 2007; 
Prieto et al., 2003). Efectivamente, son numerosos los ejemplos de sistemas en los 
que la formación de una capa nanométrica de cristales de una fase secundaria 
isoestructural con la fase que constituye el sustrato primario ha resultado en una 
inhibición completa de la interacción de este con la fase fluida. Esto ha sido 
demostrado experimentalmente durante la interacción de superficies de calcita 
(CaCO3) con disoluciones acuosas que contiene cationes como Cd2+ o Mn2+, cuyos 
carbonatos, otavita (CdCO3) y rodocrosita (MnCO3) son isoestructurales con la 
calcita y existen soluciones sólidas más o menos extensas entre estos miembros 
finales (Pérez-Garrido et al., 2007; Pérez-Garrido et al., 2009). Una situación similar 
se ha observado en el caso de la interacción de barita (BaSO4) con disoluciones que 
contienen Cr(VI). La hashemita (BaCrO4) es isoestructural con la barita, con la que 
forma una solución sólida completa (Becker et al., 2006). La interacción con la fase 
fluida resulta, en este caso, en la formación de una capa epitaxial nanométrica que 
rápidamente pasiva la superficie de los cristales de barita (Shtukenberg et al., 2005). 
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Aunque se ha evidenciado en muchos sistemas que la existencia de relaciones 
epitaxiales entre las fases primaria y secundaria(s) se correlaciona con cinéticas muy 
lentas de la reacción de reemplazamiento mineral, es importante matizar que este 
impacto negativo se restringe a aquellos casos en los que existe un ajuste casi 
perfecto entre las estructuras de las fases implicadas en la epitaxia, que permite la 
formación de núcleos bidimensionales que crecen según los mecanismos de Frank-
van der Merwe o Stranski-Krastanov (Chernov, 1984). En aquellos casos en los que 
la bondad del ajuste entre las estructuras es menor, el crecimiento epitaxial tiene 
lugar a través del mecanismo de Volmer-Weber, que implica el crecimiento sobre la 
superficie de la fase primaria de numerosas islas tridimensionales de la fase 
secundaria. Estas islas se forman con distintas orientaciones relacionadas a través de 
aquellos operadores de simetría que están presenten en la fase primaria y que se 
disponen perpendiculares a la interfase (Cuesta Mayorga et al., 2018; Morales et al., 
2013). La coalescencia de estas islas con distintas orientaciones da lugar a la 
formación de maclas inducidas por la simetría del sustrato y, en última instancia, 
resulta en la formación de una capa que contiene una porosidad intracristalina. Esta 
porosidad tiene un carácter intrínseco y se asocia al mecanismo de crecimiento 
epitaxial de Volmer-Weber. Aunque sí se puede esperar una ralentización de la 
reacción de disolución-cristalización por la formación de una capa epitaxial con 
estas características, la presencia de esta porosidad intrínseca previene el sellado 
perfecto del substrato primario y garantiza la comunicación entre la interfase y el 
volumen de la disolución acuosa, permitiendo, por tanto, que la reacción de 
disolución-cristalización pueda progresar. Existen distintos ejemplos de fenómenos 
de reemplazamiento mineral en los que una reacción de disolución-cristalización 
acoplada se desarrolla a través de la formación de una capa epitaxial constituida por 
cristales tridimensionales con distintas orientaciones relacionadas por operados de 
simetría presentes en la fase primaria. Entre estos ejemplos se pueden destacar los 
casos la formación de farmacolita (CaHAsO4·2H2O) sobre yeso en contacto con 
una disolución acuosa que contiene As(V) o de anglesita (PbSO4) sobre anhidrita en 
contacto con una disolución con Pb2+ (Morales et al., 2013; Morales et al., 2014; 




3.4. FENÓMENOS DE CARBONATACIÓN MINERAL 
Uno de los procesos de disolución-cristalización que tiene implicaciones más 
relevantes en el contexto actual de cambio climático promovido por un progresivo y 
continuo aumento de la presión de CO2 en la atmosfera terrestre es aquel que 
conduce al reemplazamiento de minerales de composición variada, desde silicatos a 
sulfatos, por fases carbonatadas (Oelkers et al., 2008). A lo largo de la historia de la 
Tierra la precipitación de carbonatos ha ejercido como un proceso tampón que ha 
impedido un aumento desmesurado de la concentración de CO2, incluso en aquellas 
etapas en las que grandes volúmenes de este gas se liberaban a la atmosfera a través 
de la actividad volcánica. En efecto, uno de los mecanismos más eficientes y seguros 
para eliminar CO2 de la atmosfera es la precipitación de carbonatos. Los fenómenos 
de carbonatación mineral se pueden desarrollar en una gran variedad de contextos 
geológicos. Por ejemplo, la formación de carbonatos de Mg y/o Ca (magnesita, 
dolomita y calcita) es un fenómeno frecuentemente asociado a los procesos de 
serpentinización de peridotitas (Rudge et al., 2010) que ha inspirado los esfuerzos de 
distintos investigadores para desarrollar metodologías que permitan reducir las 
emisiones de gases invernadero a la atmósfera a través de su eliminación mediante la 
precipitación de fases minerales de baja solubilidad (Gislason and Oelkers, 2014; 
Kelemen et al., 2008; Matter et al., 2009; Peuble et al., 2018; Power et al. 2013; 
Ulven et al., 2017; Zhu et al., 2016).  
3.4.1. Carbonatación mineral en cuencas sedimentarias 
3.4.1.1. Formación secundaria de estroncianita (SrCO3) y witherita (BaCO3) 
Aunque los fenómenos de carbonatación afectan a todo tipo de minerales, son 
especialmente comunes en cuencas sedimentarias. El pH de las aguas meteóricas 
equilibradas con CO2 y oxígeno atmosférico se sitúa habitualmente en valores 
cercanos a 5.6. Al atravesar rocas calizas y dolomías, estas aguas se cargan de iones 
carbonato y se vuelven alcalinas. Su interacción con las fases minerales no 
carbonatadas presentes en rocas sedimentarias puede dar lugar a reacciones 
disolución-cristalización y a la formación de pseudomorfos. Con frecuencia, estos 
procesos de carbonatación afectan a sulfatos sedimentarios. La formación de 
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estroncianita y witherita en estos ambientes se interpreta como un ejemplo de 
carbonatación mineral. La estroncianita y la witherita son los miembros finales de la 
solución sólida (Ba,Sr)CO3. Esta solución sólida tiene estructura aragonito y, desde 
el punto de vista de sus propiedades termodinámicas, se puede describir como ideal. 
En consecuencia, las composiciones intermedias entre sus miembros finales son 
estables (Brice and Chang, 1973; Chang, 1971). Por ello, resulta sorprendente que 
estos términos intermedios apenas estén representados en la naturaleza (Speer, 
1983), y que prácticamente todas las witheritas contengan porcentajes de Sr 
inferiores a 11 mol % SrCO3 y en la mayor parte de las estroncianitas los contenidos 
de Ba sean incluso más bajos (Baldasari and Speer, 1979). La escasez en la naturaleza 
de términos intermedios de esta solución sólida resulta todavía más sorprendente si 
se considera que estas composiciones se sintetizan fácilmente en el laboratorio, 
donde los experimentos de precipitación por mezcla de soluciones o de crecimiento 
en geles indefectiblemente conducen a la formación de cristales de (Ba,Sr)CO3 cuya 
relación Ba/Sr es muy similar a la de la fase líquida a partir de la cual crecen 
(Böttcher et al., 1997; Fernández-González, 1996; Prieto et al., 1997). Estos 
resultados experimentales son consistentes con los valores de los productos de 
solubilidad de estas fases (KspStr=10-9.27 (Busenberg and Plummer, 1984); 
KspWth=10-8.56 (Busenberg and Plummer, 1986)), que, al ser muy similares, 
determinan que las curvas de solidus y solutus se proyecten muy próximas entre sí 
en el diagrama de Lippmann de esta solución sólida y, por tanto, las relaciones 
Ba/Sr en el sólido y el líquido en equilibrio sean muy similares. Estas circunstancias 
han llevado a distintos investigadores a concluir que la mayoría de los cristales de 
(Ba,Sr)CO3 que se encuentran en la naturaleza no tienen origen primario, sino que 
se han formado a través de procesos de carbonatación de sulfatos minerales 
correspondientes a la solución sólida barita-celestina (Ba,Sr)SO4 (Speer, 1983; Chang 
et al., 1998). Esta solución sólida posee una marcada bimodalidad composicional 
debido a la gran diferencia en los productos de solubilidad de sus miembros finales 
(a 25º C, KspBrt = 10-9.98 (Blount et al., 1977) y KspCls=10-6.63 (Reardon and 
Amstrong, 1987)), por lo que sólo un rango muy estrecho relaciones Ba/Sr en la 
fase líquida pueden dar lugar a sólidos de composiciones intermedias. 
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La carbonatación de celestina (SrSO4) ha sido estudiada experimentalmente 
por Suarez-Orduña et al. (Suarez-Orduña et al., 2004) utilizando condiciones 
hidrotermales y disoluciones acuosas alcalinas en el rango de temperaturas entre 150 
y 250º C. Estos autores establecieron que en estas condiciones la transformación de 
celestina en estroncianita tiene carácter topotáctico, produce pseudomorfos y se 
desarrolla a través de reacciones de disolución-cristalización acopladas. Se ha 
evidenciado mediante observaciones a nanoescala usando microscopia de fuerza 
atómica que el carácter topotáctico de la transformación se inicia con la nucleación 
epitaxial de islas bidimensionales de estroncianita sobre la superficie de los cristales 
de celestina (Sánchez-Pastor, 2007; Sánchez-Pastor et al., 2007a; Sánchez-Pastor et 
al., 2007b). Los pseudomorfos de estroncianita a partir de celestina son agregados de 
cristales que muestran una textura específica, la cual encierra un importante 
volumen de porosidad organizada en canales (Suárez-Orduña et al., 2007). Esta 
porosidad se origina durante la transformación, compensando el cambio de 
volumen molar negativo asociado a la misma, y facilita la comunicación entre la fase 
acuosa y la interfase entre celestina y estroncianita. 
La transformación de barita (BaSO4) en witherita (BaCO3) ha sido estudiada 
por Rendón-Ángeles et al. (Rendón-Ángeles et al., 2008). Estos autores han 
establecido que las características de esta transformación en el rango de 
temperaturas entre 150 y 250º C en presencia disoluciones acuosa cargadas de 
carbonato son similares a las que muestra la transformación de celestina en 
estroncianita. Es decir, también tiene carácter topotáctico y da lugar a 
pseudomorfos, los cuales encierran una porosidad organizada en canales que 
conecta el volumen de la fase acuosa con la interfase barita-celestina (Rendón-
Ángeles et al., 2008; Sánchez-Pastor 2007; Sánchez-Pastor et al., 2007a; Sánchez-
Pastor et al., 2007b; Speer and Hensley-Dunn, 1976). 
3.4.1.2. Formación de carbonatos cálcicos diagenéticos por reemplazamiento de 
sulfatos cálcicos evaporíticos 
Uno de los procesos de carbonatación mineral más relevantes es el que afecta 
a los sulfatos cálcicos evaporíticos anhidrita y yeso. El yeso es el sulfato más 
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abundante en la corteza terrestre, seguido por la anhidrita. La carbonatación de yeso 
y anhidrita es un fenómeno que se ha estado desarrollando desde el Precámbrico y 
que, con carácter exclusivamente inorgánico o con participación bacteriana, ha 
estado involucrado en la formación de grandes volúmenes de carbonatos 
diagenéticos a lo largo de la historia de la Tierra (Alonso-Zarza et al., 2002; Anadón 
et al., 1992; Cañaveras et al., 1996; Cañaveras et al., 1998; Kendall, 2001; Rouchy et 
al., 1998; Rouchy et al., 1994; Sanz-Rubio et al., 2001). Estos procesos de 
carbonatación que se desarrollan en cuencas sedimentarias han contribuido de 
forma relevante a la evolución de las trampas sedimentarias de fluidos naturales 
como aguas y petróleo, ya que han facilitado el desarrollo de porosidad 
interconectada, incrementando la permeabilidad de las rocas sedimentarias. Un 
mecanismo que involucra la disolución de sulfatos cálcicos primarios y la 
precipitación de carbonatos en la formación de calizas ha sido apoyado por análisis 
isotópicos (Sanz-Rubio et al., 2001). 
Distintos autores han abordado experimentalmente el estudio del 
reemplazamiento de cristales yeso en contacto con disoluciones acuosas ricas en 
carbonato (Fernández-Díaz et al., 2009; Flörke, 1961). Este proceso de 
reemplazamiento muestra las características típicas de las reacciones de disolución-
cristalización acopladas: En primer lugar, la transformación se inicia en la superficie 
de los cristales de yeso y progresa hacia su interior. Además, tiene lugar con 
preservación de la forma externa de los cristales de yeso y está acompañado por la 
generación de porosidad. Como consecuencia, la capa reemplazada por carbonato 
cálcico es porosa. Finalmente, el contacto entre esta capa y el núcleo remanente de 
yeso aparece agudo y marcado durante el avance de la reacción. Este proceso de 
reemplazamiento mineral muestra también algunas peculiaridades que se relacionan 
con el gran cambio negativo de volumen molar implicado en la transformación 
(volumen molar del yeso = 74.5 cm3/mol; volumen molar de la calcita = 36.40 
cm3/mol), lo que determina que el volumen de porosidad que debe generarse 
durante la transformación para garantizar su carácter pseudomórfico sea 
elevadísimo. A ello hay que sumar, además la porosidad que se deriva de la gran 
diferencia entre las solubilidades de yeso y calcita (KspGp=10-4.58 (Parkhurst and 
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Appelo, 2010); KspCal=10-8.48, (Plummer and Busenberg, 1982)). El enorme 
volumen de porosidad que se genera durante el reemplazamiento de yeso por 
carbonato cálcico garantiza el contacto continuo entre el volumen de la disolución 
carbonatada y la interfase entre las fases primaria y secundaria y, por tanto, el avance 
de la reacción. Por otro lado, este gran volumen de porosidad no puede quedar 
completamente contenido en la capa reemplazada. Ello da lugar a la generación de 
un hueco en la interfase. La anchura de este hueco aumenta al progresar la reacción 
y, junto con la gran cantidad de porosidad contenida en la capa reemplazada, 
determina que los pesudomorfos de carbonato cálcico formados a partir de yeso 
sean tremendamente frágiles (Fernández-Díaz et al., 2009). 
Un aspecto especialmente interesante del reemplazamiento pseudomórfico de 
yeso por carbonato cálcico en contacto con disoluciones carbonatadas es que 
progresa a través de caminos de reacción distintos dependiendo de la concentración 
de la disolución. Cuando esta concentración es muy elevada (0.5M Na2CO3) el 
proceso se inicia con la formación de una capa relativamente gruesa y continua de 
nanopartículas de carbonato cálcico amorfo (ACC). Esta capa, que tapiza 
completamente la superficie del cristal de yeso, se transforma rápidamente en una 
mezcla de vaterita y calcita. Posteriormente, la vaterita se transforma en calcita. Esta 
secuencia de transformaciones se desarrolla simultáneamente al avance del frente de 
reemplazamiento, hasta que todo el pseudomorfo queda constituido exclusivamente 
por calcita. Cuando el reemplazamiento se produce en contacto con disoluciones 
con concentraciones intermedias de carbonato (0.25M Na2CO3), la capa de ACC es 
más fina y menos continua y la presencia de vaterita como fase constituyente del 
pseudomorfo se prolonga durante un tiempo más largo, aunque en última instancia, 
la calcita es la única fase de CaCO3 tras tiempos de interacción largos. Cuando el 
remplazamiento tiene lugar en presencia de concentraciones de carbonato más bajas 
(0.1M o 0.05M), sólo se observan la formación de pequeños parches discontinuos 
de ACC que desaparecen rápidamente. Además, en este caso se observa también la 
formación de aragonito, que permanece como constituyente del pseudomorfo 
coexistiendo con la calcita incluso después de que no quede ningún rastro de la 
presencia de vaterita. En cualquier caso, independientemente de la concentración 
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inicial de carbonato en la fase fluida, tras periodos prolongados de interacción el 
único polimorfo presente en los pesudomorfos de carbonato cálcico formados a 
partir de yeso es la calcita, independientemente de la concentración inicial de 
carbonato en la disolución acuosa. Esta calcita se organiza en columnas de cristales 
orientados con su eje c perpendicular a la dirección del plano de exfoliación del yeso 
(010). Esta orientación preferente no es consecuencia de la existencia de relaciones 
epitaxiales entre las estructuras de yeso y calcita, sino de un fenómeno de 
crecimiento competitivo. En etapas tempranas del proceso de reemplazamiento los 
cristales de calcita aparecen orientados al azar. Sin embargo, debido a que su 
crecimiento se produce a mayor velocidad a lo largo del eje c, sólo aquellos en los 
cuales este eje está orientado perpendicularmente a la superficie del yeso pueden 
desarrollarse sin restricciones. El resultado final es el desarrollo de texturas en 
empalizada (Fernández-Díaz et al., 2009). 
Hay que destacar también que la concentración de carbonato en la disolución 
afecta a características texturales como la escala del pseudomorfismo. Las 
características microtopográficas de los cristales de yeso son reproducidas de forma 
más fidedigna en aquellos pseudomorfos que se generan en contacto con 
disoluciones con altas concentraciones de carbonato. 
Los estudios experimentales del remplazamiento de monocristales de anhidrita 
por carbonato cálcico han evidenciado que este proceso tiene diferencias 
significativas con respecto al reemplazamiento de monocristales de yeso (Altree-
Williams et al., 2017; Roncal-Herrero et al., 2017). Estas diferencias se relacionan 
tanto con aspectos texturales de los pesudomorfos como con los caminos de 
reacción a través de los cuales avanza el reemplazamiento. Durante el 
reemplazamiento de los cristales de anhidrita en contacto con disoluciones 0.5M 
Na2CO3 no se observa la formación de ACC sobre ninguna de las superficies 
principales de exfoliación (100), (010) y (001). Además de la calcita, sólo se observa 
la formación de una cantidad mínima de vaterita, que desaparece rápidamente, sobre 
la superficie (001). Esta superficie es la que se disuelve a mayor velocidad y, por 
tanto, sobre la que la nucleación de carbonato cálcico tiene lugar a mayor 
sobresaturación. Los pseudomorfos están constituidos exclusivamente por calcita 
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desde los momentos iniciales del proceso de reemplazamiento. Esta diferencia en 
los caminos de reacción se ha relacionado con el hecho de que los cristales de calcita 
crecen orientados sobre las tres superficies de exfoliación de la anhidrita (Roncal-
Herrero et al., 2017). La existencia de relaciones epitaxiales entre calcita y anhidrita 
rebaja la barrera energética para la nucleación de este polimorfo del CaCO3, 
contrarrestando los efectos cinéticos que promueven la formación de otras fases 
menos estables durante las etapas tempranas del reemplazamiento de los cristales de 
yeso, especialmente cuando estos interaccionan con disoluciones con altas 
concentraciones de carbonato y, en consecuencia, la nucleación tiene lugar en 
condiciones de muy alta sobresaturación (Fernández-Díaz et al., 2009). 
En cuanto a las diferencias texturales que se observan entre los pseudomorfos 
que se forman por reemplazamiento de yeso y anhidrita es de destacar el volumen 
de porosidad mucho menor que contienen los últimos, así como el hecho de que 
estos carezcan de un hueco significativo entre la capa reemplazada y el cristal 
primario remanente. Ambos aspectos contribuyen a que los pseudomorfos 
formados a partir de anhidrita sean más compactos y menos frágiles. Ello es 
consistente con el cambio de volumen molar que se asocia a la transformación de 
anhidrita en calcita (~20%, (Smyth and McCormick., 1995)), que es 
significativamente más pequeño, en comparación con el caso de yeso 
(>50%) (Altree-Williams et al., 2017; Fernández-Díaz et al., 2009; Roncal-Herrero et 
al., 2017). Otra diferencia textural significativa entre los pesudomorfos formados a 
partir de yeso y los formados a partir de anhidrita es la ausencia de texturas en 
empalizada en estos últimos. Esta ausencia se puede explicar como consecuencia de 
la nucleación orientada de calcita sobre las superficies de exfoliación de la anhidrita, 
que elimina la posibilidad de que se desarrollen procesos de crecimiento competitivo 
entre cristales con distinta orientación.  
En esta tesis doctoral se continúa avanzando en la comprensión de los factores 
que influyen en las características de los procesos de carbonatación focalizando el 
estudio en el caso de la anhidrita y considerando sus tres planos de exfoliación 
principales y distintas composiciones de la disolución acuosa y abordando el análisis 
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en profundidad de la generación y evolución de porosidad durante la carbonatación 
de esta fase. 
 
3.5. INFLUENCIA DEL OXOANIÓN SULFATO (SO42-) EN EL 
POLIMORFISMO DEL CaCO3 
La observación de distintas secuencias de transformación vía solvente durante 
la carbonatación de monocristales de yeso dependiendo de la concentración inicial 
de carbonato presente en la disolución acuosa con la que estos interaccionan apunta 
a que la presencia de sulfato en el medio de cristalización pudiera jugar un papel 
relevante en la selección polimórfica del carbonato cálcico, contribuyendo a 
estabilizar fases metaestables. Si se atiende a las diferencias que se pueden esperar en 
la fisicoquímica de la disolución acuosa en contacto con yeso una vez un cristal de 
esta fase empieza a disolverse, estas se reducen al valor de la sobresaturación con 
respecto a las fases de CaCO3, que será más alta cuanto mayor sea la concentración 
inicial de la disolución carbonatada, y a la relación SO42-/CO32-, que será más alta 
cuanto más baja sea dicha concentración inicial.  
Fernández-Díaz y colaboradores (2010) abordaron el estudio experimental del 
efecto del oxoanión sulfato (SO42-) en la precipitación del CaCO3 a partir de la 
mezcla de disoluciones bajo condiciones de muy alta sobresaturación y altos pHs. 
Estos autores también estudiaron la evolución de la mineralogía de dichos 
precipitados durante su envejecimiento en contacto con la disolución madre durante 
periodos de tiempo que variaron entre cinco minutos y 14 días. Los resultados 
obtenidos por estos autores indicaron que bajo las condiciones exploradas, la 
presencia de sulfato en el medio de cristalización promueve la formación de vaterita 
y estabiliza a esta fase, inhibiendo su transformación en calcita durante tiempos que 
son tanto más largos cuanto mayor es la relación inicial de SO42-/CO32- en la fase 
fluida. Estos autores interpretaron el comportamiento observado como la 
consecuencia de una combinación de factores cinéticos y termodinámicos. Las altas 
condiciones de sobresaturación favorecen la formación de fases metaestables como 
la vaterita, que se observa a tiempos de envejecimiento cortos incluso en ausencia 
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del oxoanión sulfato. Sin embargo, el efecto inhibidor de la transformación de la 
fase vaterita en la fase, en principio, más estable calcita no se explica fácilmente 
tomando en consideración solamente factores cinéticos. Fernández-Díaz y 
colaboradores (2010) plantearon la posibilidad de que la incorporación de 
oxoaniones sulfato sustituyendo a grupos carbonato tuviera efectos energéticos 
distintos sobre la estructura de los distintos polimorfos del carbonato y que estas 
diferencias se tradujeran en cruces de estabilidad entre polimorfos o, al menos, en la 
aproximación de sus energías. Para contrastar esta hipótesis, estos autores llevaron a 
cabo modelizaciones computacionales que evidenciaron que la incorporación de una 
pequeña cantidad de grupos sulfato en la estructura de la vaterita apenas introduce 
distorsiones en la misma y, por tanto, tiene muy poco impacto en los parámetros 
energéticos de este polimorfo del CaCO3. Sin embargo, la misma incorporación de 
iones sulfato en la estructura de la calcita la distorsiona significativamente y, por 
tanto, incrementa su energía y reduce la estabilidad de esta fase. Un efecto todavía 
más marcado se produciría si la sustitución de grupos carbonato por grupos sulfato 
se produjera en el polimorfo aragonito, ya que la distorsión que se introduce en la 
estructura de este polimorfo es dramática. Los resultados de la modelización llevada 
a cabo por Fernández-Díaz y colaboradores (2010) son consistentes con los datos 
reportados por Busenberg y colaboradores (1985) quienes determinaron que la 
solubilidad del aragonito puro es menor que la de calcita que contiene un 3% molar 
de CaSO4, y con los contenidos de sulfato determinados en calcita y aragonitos 
naturales de origen inorgánico, que son entre 1.8 y 4.2 veces más elevados en el caso 
de la primera. Las conclusiones derivadas de las modelizaciones llevadas a cabo por 
Fernández-Díaz y colaboradores (2010) han sido posteriormente validadas por los 
resultados de la modelización realizada por Balan y colaboradores (2014) aplicando 
la aproximación de primeros principios, y por los del estudio de los efectos 
energéticos de la incorporación de distintos oxoaniones, incluido el sulfato, en la 
estructura de los polimorfos del CaCO3, que más recientemente llevó a cabo Arroyo-
de Dompablo y colaboradores (2015) aplicando la Teoría de Densidad Funcional. 
Aunque ninguno de estos trabajos apoya la existencia de cruces de estabilidad entre 
polimorfos del CaCO3 asociados a efectos energéticos inducidos por la sustitución 
isomórfica en su estructura de grupos carbonato por grupos sulfato, los resultados 
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de todos apuntan a que sí se produce una reducción de la diferencia entre las 
energías de calcita y vaterita que incorporan cantidades idénticas de sulfato. Esto 
resulta en una reducción efectiva de la fuerza conductora para la transformación de 
vaterita en calcita y puede explicar, al menos parcialmente, la estabilización de esta 
fase durante tiempos prolongados (Arroyo-de Dompablo et al., 2015). 
A pesar del interés que despierta el efecto del sulfato en el polimorfismo del 
carbonato cálcico y del esfuerzo que diversos autores han invertido en 
comprenderlo, este tema está lejos de estar resulto. De hecho, las diversas 
investigaciones realizadas han contribuido a evidenciar que este efecto es 
extremadamente complejo y para interpretarlo es necesario combinar distintas 
aproximaciones. Por ejemplo, resultan de especial interés algunos trabajos 
experimentales que han puesto de manifiesto que, en determinadas circunstancias, la 
presencia de sulfato en el medio de cristalización puede promover la formación de 
aragonito (Bots et al., 2011; Dydo et al., 2003; Tang et al., 2012; Wagterveld et al., 
2014). Estos resultados parecen indicar que el papel de este oxoanión podría ser 
similar al que tradicionalmente se ha atribuido al Mg2+, al facilitar la formación del 
polimorfo en el que su incorporación es menos favorable (Morse et al., 2007; Radha 
and Navrotsky, 2013). En esta tesis doctoral se realizan experimentos que buscan 
completar el dibujo de este interesante y relevante problema y aportar elementos 
nuevos para su discusión.  
 
3.6. ESTRUCTURA DE LA ANHIDRITA 
La anhidrita cristaliza en el sistema cristalino ortorrómbico, con grupo espacial 
Amma. Sus parámetros de red son a=6.993Å, b=6.995 Å, c=6.245 Å. En esta 
estructura se distinguen cadenas que discurren paralelas a [001] y que están 
constituidas por la alternancia de tetraedros SO4 y dodecaedros CaO8. Estas cadenas 
se conectan lateralmente entre sí a lo largo de la dirección [100] al compartirse 
aristas entre los dodecaedros CaO8 y vértices entre los tetraedros SO4. Además, 
están cadenas se unen a lo largo de [010] al compartirse vértices tanto de los 
tetraedros SO4 como de los dodecaedros CaO8 (De Leeuw and Parker, 1997; 
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Hawthorne et al., 2000; Hawthorne and Ferguson, 1975; Redfern and Parker, 1998). 
Estas características de la estructura de la anhidrita determinan que tenga una 
exfoliación paralela a los tres planos principales (010), (100) y (001), los cuales se 
corresponden con caras de tipo F, de acuerdo con el modelo de Hartman-Perdok 
(Hartman and Perdok, 1955a; Hartman and Perdok, 1955b; Redfern and Parker, 
1998). Estas caras son, además, las que se encuentran con mayor frecuencia en los 
cristales naturales de anhidrita (Kostov and Kostov, 1999). En ellas, y en las 
diferencias de comportamiento que exhiben durante la carbonatación se centran las 
observaciones presentadas en esta tesis sobre las características de la carbonatación 
de anhidrita. 
 
Figura 3.1. Estructura de la anhidrita. a: Columna de dodecaedros y tetraedros unidos mediante aristas. Los 
dodecaedros corresponden a la fórmula CaO8 y los tetraedros a la fórmula SO4, respectivamente, donde los 
oxígenos se sitúan en los vértices el poliedro, y el Ca y S en el interior del mismo; y b: Proyección del plano 








3.7. ESTRUCTURA DE LA CALCITA 
La calcita cristaliza en el sistema hexagonal (grupo espacial Rc). Sus 
parámetros de red son a=b=4.990Å, c=17.061Å (Deer et al., 1992). Su estructura se 
puede describir como constituida por planos de Ca2+ y grupos triangulares planos 
CO32- que se disponen alternantes y paralelos entre sí a lo largo del eje c, con 
respecto al cual son perpendiculares. Todos los grupos carbonato presentan la 
misma orientación dentro de un mismo plano, pero aparecen girados 180º en planos 
alternos. Los átomos de Ca2+ ocupan huecos octaédricos rodeados de 6 oxígenos, 
cada uno de los cuales corresponde a un grupo carbonato distinto, de modo que los 
octaedros CaO6 se encuentran aislados entre sí. El hábito más común de la calcita 
está definido por el romboedro {104}. 
 
Figura 3.2. Estructura de la calcita. Proyección del plano (10 4) correspondiente a las caras del romboedro. 
Aunque dichos planos no sean paralelos a los planos de los carbonatos, se aprecia como los carbonatos 
alternan su orientación en los distintos planos. A la derecha observamos los planos alternos de calcio y 
carbonatos a lo largo de la dirección [001]. El triángulo que forman los carbonatos es paralelo al plano (001). 
Los triángulos corresponden a la fórmula CO3. 
 
En esta tesis se analizan y discuten las relaciones epitaxiales existentes entre las 
estructuras de calcita y anhidrita y que influyen de forma determinante en las 







4.1. EXPERIMENTOS DE INTERACCIÓN DE DISOLUCIONES ACUOSAS 
CARBONATADAS CON MONOCRISTALES DE ANHIDRITA 
Se diseñaron y ejecutaron tres tipos de experimentos de interacción de 
disoluciones acuosas carbonatadas con monocristales de anhidrita. El objetivo de 
estos experimentos fue: 
 (a) Experimentos tipo 1: Obtener muestras que permitieran estudiar las 
relaciones epitaxiales entre anhidrita y calcita, considerando de forma independiente 
los tres planos de exfoliación principales de la anhidrita (100), (010) y (001), 
(b) Experimentos tipo 2: Obtener muestras para caracterizar la porosidad 
generada durante la carbonatación de anhidrita y la evolución espacio-temporal de 
esta porosidad durante el envejecimiento, así como estudiar la influencia de la 
composición de la fase fluida en las características texturales, y 
(c) Experimentos tipo 3: Estudiar los caminos de reacción que sigue la 
carbonatación de anhidrita dependiendo de la superficie de ésta sobre la que se 
desarrolla la interacción con la disolución carbonatada y la concentración de esta 
disolución. 
En todos estos experimentos se emplearon fragmentos de anhidrita recién 
exfoliados a partir de monocristales procedentes de la mina de Naica, Chihuahua 
(México), que se exfoliaron paralelamente a los planos (100), (010) y (001). El 
tamaño de estos fragmentos fue de aproximadamente 3x3x1mm en el caso de los 
experimentos de tipo 1, 2x2x2mm en los de tipo 2, y 1.6≤x≤2.0mm en los de tipo 3. 
En los experimentos 1 y 2 los fragmentos se sumergieron en disoluciones de 
Na2CO3 (Fluka) preparadas con agua MilliQ (resistitvidad≤18.2 MΩ·cm a 25º C), 
situadas en reactores cerrados de polipropileno. En los experimentos tipo 3, se 
utilizaron erlenmeyeres de pirex. La concentración de la disolución fue 0.5M en los 
experimentos de tipo 1 y 2, y de 0.5M y 0.05M en los de tipo 3. El volumen de 
disolución fue 5mL en los experimentos de tipo 1, 1mL en los de tipo 2 y 25mL en 
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los experimentos tipo 3. Los experimentos tipo 1 y 2 transcurrieron sin agitación, 
los experimentos tipo 3, con agitación, todos a una temperatura controlada de 
25±0.5° C y a presión atmosférica. En todos los casos se realizaron experimentos 
independientes para cada tiempo de reacción considerado. En los experimentos de 
tipo 1, los tiempos de reacción variaron entre 15 minutos y 4 días. En los 
experimentos de tipo 2, el tiempo de reacción varió entre 1 día y 14 días. 
Finalmente, en los experimentos de tipo 3, el tiempo de reacción varió entre 1 día y 
2 meses. Las condiciones utilizadas en cada tipo de experimento se resumen en la 
tabla 4.1. 
Una vez transcurridos los tiempos de reacción correspondientes, los cristales 
se extrajeron de la disolución acuosa (bien con ayuda de unas pinzas en los 
experimentos de tipo 1 y 2, o filtrándolos con un embudo Büchner y un matraz 
kitasato en el caso de los experimentos tipo 3), se lavaron cuidadosamente con agua 
ultrapura (MilliQ), se depositaron sobre papel absorbente y se dejaron secar a 
temperatura ambiente durante al menos 24 horas. Estas muestras se reservaron para 
su posterior caracterización, siguiendo los protocolos descritos en la sección 4.3. 
 
4.2. EXPERIMENTOS DE PRECIPITACIÓN POR MEZCLA DE 
DISOLUCIONES Y ENVEJECIMIENTO DE LOS PRECIPITADOS 
Se llevó a cabo una serie de experimentos dirigidos a obtener precipitados de 
CaCO3 formados a partir de disoluciones acuosas con distintas relaciones SO42-
/CO32-, y a seguir la evolución de las características del sistema a lo largo del tiempo. 
Para ello se mezclaron 50mL de una disolución de CaCl2 (Fluka, 1M) (disolución 1) 
con 50mL de otra disolución de NaHCO3 (99.7%, Panreac) y Na2SO4 (>99%, 
Sigma-Aldrich) (disolución 2). En la preparación de ambas disoluciones se utilizó 
agua ultrapura MilliQ (resistitvidad≤18.2 MΩ·cm a 25º C). La mezcla de las 
disoluciones se llevó a cabo vertiendo rápidamente la disolución 2 sobre la 
disolución 1, que se mantuvo agitada a 250 rpm mediante un agitador magnético en 
todo momento. El envejecimiento de la disolución resultante se desarrolló a 





































































































































































































































































































































































































concentraciones de los reactivos en las disoluciones 1 y 2 se ajustaron de modo que 
la disolución resultante de la mezcla tuviera aproximadamente los mismos valores de 
índices de saturación (SI) con respecto a los distintos polimorfos de CaCO3 en 
todos los experimentos, independientemente de la relación SO42-/CO32- empleada. 
La tabla 4.2. resume las concentraciones y el pH de las disoluciones empleadas en 
estos experimentos. Los precipitados formados como consecuencia de la mezcla de 
las disoluciones 1 y 2 se dejaron envejecer durante tiempos comprendidos entre 5 
minutos y 14 días, realizándose experimentos independientes para cada relación 
inicial de SO42-/CO32- en la disolución resultante de la mezcla y cada tiempo de 
reacción. Una vez concluido cada experimento, se procedió a filtrar a vacío la 
disolución, usando una membrana de acetato de celulosa de 0.45-μm (Sartorius 
stedim; Albet). El precipitado recogido se lavó, primero con agua ultrapura MilliQ y, 
a continuación, con etanol absoluto con el fin de eliminar toda traza posible de agua 
y parar su evolución, se dejó secar a 30º C durante 48 horas y se reservó para su 
posterior caracterización. La disolución filtrada se analizó por ICP-OES. 
 
Tabla 4.2. Composición inicial de la disolución para los experimentos 4.2. Aparecen las concentraciones de 
cada reactivo empleado en molaridad (M) y el pH de la misma calculado con el software PHREEQC 
Experimento 
Composición de la disolución 
[CaCl2] (M) [NaHCO3] (M) [Na2SO4] (M) pH 
A0 0.050 0.05   7.62 
A3 0.040 0.050 0.003 7.66 
A5 0.040 0.050 0.005 7.67 
A7 0.040 0.050 0.007 7.67 
A15 0.050 0.050 0.015 7.64 
A20 0.050 0.050 0.020 7.65 
A22 0.050 0.050 0.022 7.65 




4.3. CARACTERIZACIÓN DE LAS FASES SÓLIDAS 
4.3.1. Microscopia óptica de luz polarizada transmitida  
La orientación, paralela a los planos (100) (010) o (001), de los fragmentos de 
anhidrita, utilizados en los experimentos de tipo 1 y de tipo 3 descritos en el 
apartado 4.1 se determinó mediante la observación de la figura de interferencia. Para 
esta observación se utilizó un microscopio Nikon (modelo 104) ubicado en el 
departamento de Mineralogía y Petrología de la Facultad de Ciencias Geológicas de 
la UCM. Los cristales de anhidrita son biáxicos, con signo óptico positivo. La 
relación entre sus direcciones ópticas y cristalográficas es  = y,  = x,  = z (Deer 
et al., 1992). Por tanto, las secciones de los cristales anhidrita que son paralelas a 
(100) muestran una figura de interferencia de tipo “flash”, a las que son paralelas a 
(010) les corresponde una figura de interferencia de bisectriz obtusa y, finalmente, 
las que son paralelas a (001) se caracterizan por mostrar figuras de interferencia de 
bisectriz aguda. 
4.3.2. Difracción de rayos X (XRD) 
Se utilizó difracción de rayos X (XRD) para identificar las fases minerales 
cristalinas presentes en las muestras obtenidas en los distintos experimentos 
descritos en las secciones 4.1 y 4.2. En todos los casos, los difractogramas se 
obtuvieron utilizando radiación Kα1 de Cu (1.540598Å) y el voltaje y la intensidad 
aplicados en la generación del haz de rayos X fueron de 45kV y 40mA 
respectivamente. Los detalles de la metodología de análisis aplicada variaron 
dependiendo del tipo de muestra, y se describe a continuación. 
Las muestras obtenidas en los experimentos tipo 1 descritos en la sección 4.1 
se estudiaron mediante difracción de rayos X de incidencia rasante GIXRD para 
comprobar la presencia de calcita creciendo epitaxialmente sobre la superficie de las 
tres caras de exfoliación principales de la anhidrita, (100), (010) y (001).  En este 
estudio se empleó un difractómetro Philips X’Pert PRO MRD. Los difractogramas 
se recogieron con un ángulo de incidencia de los rayos X sobre la muestra de 0.1º y 
un tiempo de paso de 0.8º/min. Para la identificación de las fases se compararon los 
4. METODOLOGÍA 
46 
picos de reflexión presentes en los diagramas con los patrones 010-072-0503 
(anhidrita), 01-071-3699 (calcita), 00-001-0628 (aragonito), y 00-024-0030 (vaterita) 
de la base de datos ICDD-PDF2. 
Los precipitados obtenidos en los experimentos descritos en la sección 4.2 se 
analizaron utilizando un difractómetro PANalytical X’Pert PRO MRD, mientras que 
las muestras obtenidas en los experimentos de tipo 3 descritos en la sección 4.1 se 
analizaron con un difractómetro PANanlytical Empyrean de 2kW. En ambos casos 
se utilizó el método del polvo cristalino, lo que requirió moler las muestras 
obtenidas en los experimentos tipo 3 en un mortero de ágata. Los diagramas de 
difracción se recogieron en rango de 2θ entre 20º y 60º, con un tamaño de paso de 
0.04º y un tiempo de paso de 1s. En algunos casos, el barrido se amplió al intervalo 
de 2θ de 10º a 60º. La asignación de reflexiones presentes en los difractogramas a 
fases minerales se realizó por comparación con los patrones de 00-005-0586 
(calcita), 01-080-2790 (aragonito), 04-017-8634 (vaterita) y 04-016-3025 (yeso) de la 
base de datos ICDD-PDF2. Todos los difractómetros están ubicados en el Centro 
de Ayuda a la Investigación (CAI) de Difracción de Rayos X de la UCM. 
4.3.3. Espectroscopia infrarroja por transformada de Fourier (FTIR) 
Se han utilizado los análisis de espectroscopia infrarroja para confirmar la 
identificación de fases minerales realizada mediante XRD en las muestras obtenidas 
en los experimentos de precipitación y envejecimiento descritos en la sección 4.2. 
En estas muestras se midió la energía absorbida en el rango de número de onda 
entre 250cm-1 y 4000cm-1. Se utilizó un espectrómetro modelo BRUKER IFS 
66v/S, equipado con un detector TGS que una precisión de 0.2cm-1, ubicados 
ambos en el Instituto de Ciencias de Materiales de Madrid (ICMM, CSIC). 
Previamente a la recogida de espectros, las muestras se diluyeron con KBr (sustancia 
transparente a la radiación IR).  
4.3.4. Espectroscopia Raman (RAMAN) 
La identificación de fases mediante espectroscopia Raman, se realizó con las 
muestras de los experimentos de interacción de disoluciones acuosas carbonatadas 
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con monocristales de anhidrita (4.1) tipo 3. Se midieron los modos vibracionales de 
número de onda comprendido entre 100cm-1 y 4500cm-1. La energía de excitación 
fue de 488nm (azul). El espectrómetro utilizado fue HORIBA Jobin Yvon LabRAM 
HR800 UV-VIS, el microscopio Olympus BX41, y el detector CCD (1024 x 256 
pixel), todos ellos localizados en el Geoforchungszentrum (GFZ), en Potsdam. No 
fue necesario triturar las muestras.  
4.3.5. Microscopia electrónica de barrido (SEM) 
Se utilizó la microscopia electrónica de barrido para caracterizar las muestras 
obtenidas en todos los experimentos descritos en las secciones 4.1 y 4.2. Las 
muestras se montaron sobre soportes cilíndricos de una aleación metálica y se 
recubrieron con una fina película de carbono y/u oro (con el evaporador 
QUORUM modelo Q150TE, y el metalizador QUORUM Q150RS 
respectivamente), dependiendo de sus características concretas. El doble 
recubrimiento, depositando una capa de 8nm de espesor de carbono primero, 
seguida por otra de oro, se utilizó en aquellas muestras que mostraban una mayor 
tendencia a cargarse. Se tomaron imágenes utilizando dos microscopios: Un JEOL 
JSM 6400 ubicado en el Centro Nacional de Microscopía Electrónica (CNME), en la 
UCM; y un FEI Quanta 3D FEG Dual Beam localizado en el GFZ de Potsdam. Se 
operó a 20KV, una distancia de trabajo de 15mm, una intensidad de 80mA y 
filamento de W. El software empleado fue el programa INCA. Estas imágenes 
correspondieron a los cristales y agregados cristalinos presentes en los precipitados 
obtenidos en los experimentos que se describen en la sección 4.2 y a las superficies 
de las muestras obtenidas en los experimentos que se describen en la sección 4.1 y 
permitieron estudiar los distintos hábitos cristalinos. Todas estas imágenes se 
recogieron utilizando los electrones secundarios. En el caso de las muestras 
obtenidas en los experimentos tipos 2 y 3 de los descritos en la sección 4.1, también 
se recogieron imágenes sobre la superficie de secciones cortadas 
perpendicularmente a las caras principales de los cristales originales de anhidrita.  En 
la obtención de estas imágenes se emplearon tanto electrones secundarios como 
electrones retrodirspersados. Las diferencias de contraste en las imágenes obtenidas 
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usando estos últimos permitieron distinguir las zonas de la muestra transformadas y 
sin transformar, aportando información sobre la cinética de la reacción. 
4.3.6. Espectroscopía de rayos X de energía dispersiva (EDS) 
El microscopio electrónico de barrido JEOL JSM 6400 utilizado en la 
caracterización de las algunas de las muestras obtenidas en los experimentos cuenta 
como accesorio con un sistema de energía dispersiva de rayos X (Oxford). Este 
sistema permite realizar análisis elementales cuantitativos y semicuantitativos 
puntuales y de áreas de la muestra estudiada. La información de estos análisis se 
deriva de la energía de los rayos X que emite al ser iluminada por el haz de 
electrones. Esta energía es característica para cada elemento químico, ya que los 
rayos X son emitidos al caer electrones de capas externas para rellenar los huecos 
dejados en capas internas por electrones que las han abandonado tras la 
transferencia de parte de la energía del haz de electrones incidente. Al igual que el 
microscopio JEOL JSM 6400, el accesorio de energía dispersiva Link System está 
ubicado en el Centro Nacional de Microscopía Electrónica (CNME), en la UCM. 
 
4.4. CARACTERIZACIÓN DE LA EPITAXIA DE CALCITA SOBRE 
ANHIDRITA 
4.4.1. Difracción de electrones retrodispersados (EBSD) 
Se realizaron análisis de EBSD con el fin de obtener información sobre las 
relaciones cristalográficas entre fases secundarias (calcita) y primaria (anhidrita) en 
las muestras obtenidas en los experimentos tipo 1 de los descritos en la sección 4.1.  
La técnica EBSD permite medir las orientaciones de los cristales formados sobre un 
substrato determinado mediante la indexación automática de los patrones Kikuchi 
resultantes de la difracción de electrones retrodispersados sobre la superficie de la 
muestra. Esta información suele representarse en un diagrama o figura de polos, 
donde se proyectan estereográficamente las distintas orientaciones que presentan los 
cristales de la fase secundaria, en nuestro caso la calcita, sobre un substrato, en 
nuestro caso las distintas caras de la anhidrita. Una orientación preferente de estos 
4. METODOLOGÍA 
49 
cristales sobre el substrato se reflejaría en la aparición en la figura de polos, de áreas 
de menor o mayor tamaño y de distinto color que indicarían del grado de 
coorientación entre el precipitado y el substrato. Las mediciones de EBSD se 
realizaron mediante un equipo EVO 15 MA (ZEISS) SEM equipado con un 
detector HKL Nordlys (Oxford), utilizando un voltaje de aceleración de 17 kV del 
haz primario y una distancia de trabajo de ~ 14 mm. Los datos de EBSD se 
procesaron posteriormente utilizando el software Aztec (Oxford Instruments) y 
CHANNEL 5. El equipo utilizado se localiza en el Laboratorio de Estudios 
Cristalográficos del Instituto Andaluz de Ciencias de la Tierra (IACT-CSIC-LEC). 
La geometría del haz-muestra-detector se fijó a una inclinación de ~70° respecto a 
la horizontal. En todas las mediciones, las superficies de anhidrita se orientaron 
antes de colocarlas en el soporte de la muestra.  
4.4.2. Software cristalográfico 
4.4.2.1 CrystalMaker ® 
El software de construcción y proyección de estructuras cristalográficas 
CrystalMaker (Palmer 2005), y su librería, se han utilizado para proyectar las 
estructuras de la anhidrita sobre sus planos (100), (010) y (001) y de la calcita sobre 
su plano {10 4}. Además, este software se ha utilizado para medir periodos de 
repetición a lo largo de direcciones concretas contenidas en dichas proyecciones, así 
como para medir ángulos entre esas direcciones. Esta información ha sido empleada 
para establecer las relaciones epitaxiales entre calcita y anhidrita, con la ayuda de la 
información obtenida de las observaciones realizadas mediante SEM y EBSD en las 
muestras de los experimentos de tipo 1 descritos en la sección 4.1. 
4.4.2.2. JCrystal ® 
El programa JCrystal® es un software que permite modelizar morfologías 
cristalinas utilizando información referente a la clase de simetría de la fase cristalina 
considerada, sus parámetros de red y la distancia de una determina forma cristalina 
al centro del cristal. La variación de este último parámetro, que se puede considerar 
proporcional a la velocidad de crecimiento normal de la forma, permite modelizar 
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las variaciones que puede sufrir el hábito de un cristal como consecuencia del 
cambio relativo de la velocidad de crecimiento normal de sus distintas caras a lo 
largo de su crecimiento. En esta tesis doctoral este programa se ha utilizado para 
construir el hábito de los cristales de calcita que crecen epitaxialmente sobre 
anhidrita, según se observa en las muestras obtenidas en los experimentos de tipo 1 
descritos en la sección 4.1, y de los que forman parte de los precipitados obtenidos 
en los experimentos que se describen en la sección 4.2. 
 
4.5. CARACTERIZACIÓN DE LA POROSIDAD GENERADA DURANTE EL 
REMPLAZAMIENTO MINERAL 
4.5.1. Tomografía computerizada (CT-SCAN) 
La tomografía es una técnica no destructiva que se basa en irradiar la muestra a 
estudiar con radiación X para obtener información detallada de sus características 
internas. La muestra es radiografiada en varias direcciones, al tiempo que se gira 
360º. Mediante un algoritmo, se combina el conjunto de radiografías obtenidas 
(sinograma) obteniéndose un modelo 3D de la muestra. En este modelo, las 
diferencias entre zonas de la muestra con distintas características (en esta tesis, fase 
sólida y porosidad en su interior) se evidencian a través de cambios en una escala de 
grises, con la porosidad definida por el color negro. 
Se ha llevado a cabo un análisis CT sobre las muestras obtenidas en los 
experimentos tipo 2 de los descritos en la sección 4.1. En este análisis se utilizado 
un tomógrafo CT-SCAN Nikon XT H-160, operando entre 30kV y 160kV.  Para la 
construcción de los modelos 3D se ha utilizado el software myVGL®. Este software 
discrimina entre valores de la escala de grises y de este modo distingue entre fases 
diferentes, que en el caso presente son fase sólida y porosidad. Además, permite 
describir numéricamente estas fases a través de propiedades como su área o su 
volumen. 
Es importante destacar que en el análisis de porosidad en el que se ha 
empleado este software se interpreta como un único poro todas las cavidades que 
4. METODOLOGÍA 
51 
están conectadas entre sí y aisladas de las restantes. Para cada poro que se defina de 
acuerdo con los parámetros de borde que se impongan, este software permite 
caracterizar su volumen, superficie y número de voxeles que incluye, además de su 
geometría, su posición y su tamaño absoluto y relativo con respecto al de otros 
poros. Todos los análisis realizados con esta técnica, tanto la obtención de las 
imágenes como su reconstrucción, se han realizado en el Museo Nacional de 
Ciencias Naturales (MNCN, CSIC). 
4.5.2. Análisis de área superficial BET 
El análisis de superficie BET (Brunauer–Emmett–Teller) se emplea para 
cuantificar la superficie específica de un material. La técnica se basa en introducir un 
gas (N2), condensarlo a baja temperatura (77K) sobre la superficie a estudiar, y 
cuantificar su cantidad midiendo la presión del mismo. El N2 se adsorbe físicamente 
sobre la superficie de la muestra, de tal modo que, si se conoce la cantidad de N2 
adsorbida (midiendo la presión), se puede conocer la superficie del material a 
estudiar. Esta técnica se ha empleado en el estudio de la porosidad, muestras 
correspondientes al apartado 4.2 tipo 2. Las medidas fueron realizadas con un 
aparato Micrometrics ASAP2000, ubicado en el Área de Cristalografía y Mineralogía 
del Departamento de Geología de la Universidad de Salamanca. 
 
4.6. CARACTERIZACIÓN DE FASES LÍQUIDAS 
4.6.1. Espectroscopia de emisión atómica acoplada a plasma inductivo (ICP-OES) 
Se ha analizado la composición de las muestras líquidas recuperadas de los 
experimentos que se describen en la sección 4.2 Estos análisis se han realizado 
mediante espectroscopia de emisión atómica acoplada a plasma inductivo (ICP-
OES), que permite cuantificar los elementos presentes en una disolución. Esta 
técnica de análisis se basa en la aplicación de un campo magnético oscilante al gas 
(argón) que contiene la muestra. Debido a las altas temperaturas que se generan 
(8000º C), la muestra se separa en sus átomos y se ioniza, dando lugar a transiciones 
electrónicas, que son características de cada elemento. La intensidad de señal 
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correspondiente al espectro de cada elemento, definido por frecuencias concretas, es 
proporcional a la concentración de este elemento en la muestra. Se ha analizado la 
cantidad de S para los experimentos incluidos en el apartado 4.2., con un  
espectrómetro Varian 720ES ICP-OES, en el CAI de Técnicas Geológicas 
localizado en la Facultad de Ciencias Geológicas, y la cantidad de S, Na y Ca para los 
experimentos tipo 3 del apartado 4.1 con un espectrómetro Thermo Fisher 
Scientific, modelo Element 2XR, ubicado en el GFZ de Potsdam. 
  
4.7. MODELIZACIÓN GEOQUÍMICA 
4.7.1. PhreeqC Interactive (Version 2)  
PHREEQC es un código geoquímico que permite determinar la especiación 
química de disoluciones y su estado de saturación con respecto a fases minerales 
(Parkhurst and Appelo, 2010). Este código se utilizó para ajustar las concentraciones 
de los reactivos en las disoluciones empleadas en los experimentos descritos en la 
sección 4.2., de modo que los valores iniciales de los índices de saturación (SI) del 
sistema con respecto a los distintos polimorfos de CaCO3 fueran aproximadamente 
iguales en todos los experimentos. En estos cálculos, el código PHREEQC se 
combinó con la base de datos phreeqc.dat (Parkhurst and Appelo, 2010), la cual 
incluye los valores de los productos de solubilidad de calcita (KspCal=10-8.48), 
aragonito (KspArg=10-8.34), yeso (KspGp=10-4.58), y anhidrita (KspAnh=10-4.36). Esta 
base de datos tuvo que ser completada, incorporándole manualmente los valores del 
producto de solubilidad de la vaterita (KspVtr=10-7.91, Plummer and Busenber, 1982) 
y del carbonato de calcio amorfo (ACC) (KspACC=10-6.0, Ogino et al., 1987). 
El código PHREEQC se empleó también en los cálculos previos para estimar 
las concentraciones de las disoluciones que podrían garantizar la reacción completa 
de los cristales de anhidrita en los experimentos tipo 2 y 3 descritos en la sección 





4.8 OTROS SOFTWARES UTILIZADOS 
4.8.1. OriginPro 8 
Origin es un software de análisis y representación gráfica que se ha empleado 
en el tratamiento de datos y en la construcción de todas las gráficas que aparecen en 
este trabajo.  
4.8.2. X’Pert HighScore 2.2a (2.2.1) 
Este software se ha utilizado en la identificación de fases minerales presentes 
en las muestras obtenidas en los experimentos descritos en 4.1 y 4.2 comparando los 
difractogramas correspondientes a esas muestras con los de los patrones contenidos 
en la base de datos ICDD-PDF2. 
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5. EPITACTIC OVERGROWTHS OF CALCITE (CaCO3) ON ANHYDRITE 
(CaSO4) CLEAVAGE SURFACES 
The carbonation of anhydrite crystals in contact with carbonate aqueous 
solutions initiates with the nucleation and growth of calcite crystals on anhydrite 
surfaces. Roncal-Herrero et al. (2017) stated that this nucleation and growth has an 
epitatic character on the three main cleavage surfaces of anhydrite (100), (010) and 
(001). The faces are also the most common ones in the habit of natural anhydrite 
crystals Here, data on the epitatic growth of calcite on these three faces are 
presented with the aim of determining: a) the structural elements that enable the 
development of epitactic relationships between both phases and b) the connection 
between the   degree of epitactic fit and those textural characteristics of the calcite 
overgrowth. A quantitative understanding of the structural factors that control the 
formation of calcite epitactic overgrowths can be useful to predictively assess the 




SEM micrographs of anhydrite (100), (010) and (001) surfaces after interaction 
with a carbonate-bearing aqueous solution evidence the formation of an 
overgrowth, which appears as a more or less continuous layer (Figure 5.1). The 
degree of coverage of the anhydrite surfaces by the overgrowth increases with time. 
However, for a given time the degree of coverage varies and depends on the 
crystallographic orientation of anhydrite surface. In all cases the (001) face always 
showed the highest degree of coverage. The overgrowths mostly consisted of evenly 
sized (3-5 m), euhedral lozenge-shaped microcrystals (Figure 5.1). In some cases, a 
few sphere-like aggregates could also be distinguished in the overgrowths formed on 
anhydrite (010) and (001) surfaces at early stages of reaction (Figure 5.1c). GIXRD 
analyses showed calcite was the main overgrowth component on all anhydrite faces 
considered, while vaterite was a very minor constituent on the (001) faces. 
Moreover, although minor vaterite was also observed on the anhydrite (010) surface 
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after a few minutes interaction, this phase was much less abundant than on (001)Anh 
and was almost absent on (100)Anh regardless the time of interaction. 
 
Figure 5.1. SEM images obtained after 15 minutes (a), 4 days (b) and 30 minutes (c) of exposure of anhydrite 
(100) and (001) surfaces to 0.5 M Na2CO3 solutions. The anhydrite surface is covered by a more or less 
discontinuous layer of small calcite crystals specifically oriented with respect to the substrate. (a) Etch pits 
orientation (encircled area) enables the identification of the main crystallographic directions on the anhydrite 
surfaces. (c) Some sphere-like aggregates of vaterite can be distinguished in the overgrowths formed on 
anhydrite (001) surface (see white arrows). 
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Thus we can safely assert that the lozenge-like morphologies correspond to 
calcite and the sphere-like morphologies correspond to vaterite (Roncal-Herrero et 
al., 2017). According to the angles between faces and edges measured on the SEM 
micrographs, the habit of calcite crystals is always dominated by the {10 4} 
rhombohedron. The calcite crystals grow oriented on the anhydrite substrate, 
defining an epitactic relationship regardless the orientation of the substrate. 
Nevertheless, marked differences in specific epitactic relationships between calcite 
and the anhydrite (100), (010) and (001) surfaces were observed. 
5.1.1. Calcite overgrowth on anhydrite (100) and (010) 
The microtopography of anhydrite (100) surfaces is characterized by large and 
very flat terraces, bounded by macrosteps that run parallel to the [010] and [001] 
directions (Figure 5.1a). Post reaction with the carbonate-rich aqueous solution, the 
anhydrite (100) surfaces developed clear signs of dissolution, in the form of etch pits 
along [001] (Figure 5.1a). The orientation and morphology of these etch pits helped 
us confirm the main crystallographic directions. In addition, the dissolution of the 
surface was accompanied by the growth of new calcite crystals, which formed 
preferentially on edges and surface defects of the anhydrite (Figure 5.1a). After 15 
minutes of interaction, around a third of the (100) anhydrite substrate was covered 
(Figure 5.1a) by calcite crystals while after five hours the substrate was fully covered 
(Roncal-Herrero et al., 2017). Such a homogeneous calcite layer on the anhydrite 
(100) surface after 4 days of reaction (Figure 5.1b) consists of evenly sized calcite 
crystals (~5 m or larger), whose habit is bounded by {10 4} faces. These calcite 
crystals appear oriented with respect to the anhydrite substrate in a way that one of 
the calcite rhombohedron faces is always in contact with the anhydrite (100) plane, 
defining the epitactic relationship (100)Anh║{10 4}Cal (Figure 5.2a). Moreover, in the 
majority of these oriented calcite crystals (from here on denoted as Cal1), one of 
their < 41> edges (either [41] or its symmetry-equivalent [48 ], both resulting 
from the intersection of the different faces of the {10 4} form) is oriented parallel 
to the [001] direction of the anhydrite substrate. A detailed inspection of the 
micrograph in Figure 5.2a reveals a second, much less numerous, population of 
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crystals (from here on Cal2), which are oriented with one of their < 41> edges 
parallel to the [010]Anh. Consequently, both calcite crystal populations (Cal1 and 
Cal2), are related to each other by a 11.9º rotation about the axis parallel to [100]Anh. 
 
Figure 5.2. (a) SEM image of calcite crystals grown oriented on the (100) surface of an anhydrite cleaved 
crystal after 2 hours of interaction. The epitaxy involves a matching of the plane (100) of anhydrite with the 
plane (10 4) of calcite. The encircled crystals show four different orientations of calcite on the anhydrite 
substrate which are symmetrically related two by two: Cal1-Cal1’ and Cal2-Cal2’ with some of the < 41> edges 
running parallel to the [001]Anh and [010]Anh, respectively. (b) EBSD pole-orientation density distribution 
figures which show the crystallographic orientation relationships between the (100)Anh and the overgrown 
calcite crystals: (100)Anh ║ (10 4)Cal. The number of poles is four times higher than expected reflecting the 
four alternative orientations shown by the calcite crystals (c) Four alternative orientations: Cal1a, Cal1b, Cal1c 
and Cal1d, can be deduced from the pole figures. They reflect the symmetry operators inherent to the 
anhydrite structure that are normal to the (100)Anh substrate. (d) Four alternative orientations envisaged for 
the Cal2 population of crystals. 
 
The preferential orientations of these calcite crystal overgrowths in relation to 
the (100) anhydrite cleavage surface was clarified through EBSD analyses (Figure 
5.2b). The pole-orientation density distribution figures (Figure 5.2a) obtained for the 
{0001}, { 41} and {11 0} are consistent with the orientation deduced from the 
SEM photomicrographs for the larger population of calcite crystals (Cal1). 
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Moreover, EBSD analysis also showed a fourfold increase in the number of poles, 
indicating the existence of four symmetry related orientations in Cal1: Cal1a, Cal1b, 
Cal1c and Cal1d (Figure 5.2c). This increase in the number of poles is the result of the 
existence of symmetric operators inherent to the anhydrite structure and normal to 
the (100) substrate plane. These are a twofold screw axis, mirror planes, glide planes 
as well as a centre of symmetry contained in this plane. Furthermore, the existence 
of a slight tilt of the pole positions with respect to the expected ones was also 
noticeable. This is most likely due to a small displacement of the anhydrite crystal in 
the sample holder during sample preparation for EBSD analyses.  
The Cal2 crystals were far rarer and thus their pole figures are not as clearly 
recognizable in the EBDS analysis (Figure 5.2b). However, the slight dispersion 
around the pole positions could reflect a slight misorientation of the Cal1 crystals 
and/or the presence of this smaller population of Cal2 crystals. This is particular 
because the Cal2 crystals are only slightly rotated (~11.9º) with respect to the major 
Cal1 population. Nevertheless, similarly to the Cal1 crystals, we could define four 
symmetry related orientations for calcite crystals of the Cal2 population: Cal2a, Cal2b, 
Cal2c and Cal2d (Figure 5.2d). 
Comparing SEM micrographs of different anhydrite surfaces evidences that 
(010) surfaces showed similar features to (100) surfaces (Figure 5.3a). Both surfaces 
were dominated by large and very flat terraces, bounded by macrosteps that ran 
parallel to [100] and [001] directions. Moreover, calcite crystals formed on such 
surfaces were also bound by {10 4} faces and oriented with one of these faces 
parallel to the anhydrite (010) substrate ((010)Anh║{10 4}Cal). Furthermore, a 
majority of calcite crystals had a set of their <41> edges oriented parallel to the 
[001] direction of the anhydrite substrate (Cal3), while a smaller population had 
these set of <41> edges parallel to the [100]Anh (Cal4). Pole-orientation density 
distributions figures obtained by EBSD analyses along the (010)Anh - calcite phase 
boundary again revealed similar features to those obtained for the (100)Anh (Figure 
5.3b). Indeed, the presence of twofold and twofold screw axes, mirror and glide 
planes as well as a symmetry centre in the anhydrite structure determined the 
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existence of four statistically equivalent orientations of calcite crystals with respect 
to the anhydrite (010) substrate for each one of the two alternative epitactic 
relationships defined above. 
 
Figure 5.3. (a) SEM image of calcite crystals grown oriented on the anhydrite (010) surface after 2 hours of 
interaction with the carbonate-rich aqueous solution. The epitaxy is defined by (100)Anh ║ (10 4)Cal. The 
encircled crystals show the four different orientations of calcite crystals on the anhydrite substrate, which are 
symmetrically related two by two: Cal3-Cal3’ and Cal4-Cal4’. (b) EBSD pole-orientation density distribution 
figures. The number of poles is four times higher than expected, reflecting the four alternative orientations 
shown by the calcite crystals which constitute the Cal3 population: Cal3a, Cal3b, Cal3c and Cal3d.  
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5.1.2  Calcite overgrowth on anhydrite (001) 
Anhydrite (001) surfaces were also characterized by flat terraces, bounded by 
macrosteps that run parallel to the [100] and [010] directions. Post reaction of these 
surfaces with the carbonate-rich solutions revealed significantly higher average 
densities of calcite crystals than on the anhydrite (100) and (010) substrates. The 
anhydrite (001) substrate was almost completely covered by calcite crystals after 1 
hour of reaction with the solution (Roncal-Herrero et al., 2017). However, at very 
early stages we observed the development of deep, dissolution-related grooves on 
the anhydrite (001) substrate, which were oriented parallel to [100] (Figure 5.4a). 
This enabled us to define the main crystallographic directions on this surface 
(Shindo et al., 2001). Similarly to our observations on both the (100) and (010) 
surfaces, on the (001) surface calcite crystals with the typical rhombohedron-like 
habit, bounded by the six faces of the {10 4}, are formed. The calcite crystals were 
oriented with one of their rhombohedron faces parallel to the anhydrite (001) 
substrate (defining the matching (001)Anh║{10 4}Cal). Some of these calcite crystals 
(Cal5, Figure 5.4a) are oriented with a set of the < 41> edges parallel to [100] in the 
anhydrite substrate. This defines the epitactic relationships [100]Anh ║ <41>Cal. 
However, a second population of calcite crystals (Cal6) was slightly tilted (< 12º) 
with respect to those that constitute the Cal5 population. This tilting occurs in such 
a way that the <41> edges of the calcite run parallel to [010]Anh, defining the 
relationship: [010]Anh ║ <41>Cal. On this (001) anhydrite substrate, the population 
of Cal5 crystals was significantly larger than that of Cal6 crystals. EBSD analyses of 
the adjacent anhydrite and calcite boundaries also yielded similar crystallographic 
orientations as those described for the (100) and (010) anhydrite surfaces (Figure 
5.4b).  
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Figure 5.4. (a) SEM image of calcite crystals grown specifically oriented on the (001) surface of an anhydrite 
cleavage fragment. The epitaxy involves the matching of the plane (001) of anhydrite with the plane (10 4) of 
calcite. The encircled crystals show alternative orientations of calcite on the anhydrite substrate. The density 
of the crystals is significantly higher than observed on (100)Anh and on (010)Anh for the same interaction time 
(2 hours). (b) Pole-orientation density distribution figures obtained using EBDS. The number of poles is four 
times higher than expected, reflecting the four alternative orientations for the Cal5 population: Cal5a, Cal5b, 
Cal5c and Cal5d.  
 
Finally, we also observed that the nucleation of calcite crystals on the 
anhydrite substrate with such different and symmetry related orientations often lead 
to the formation of substrate-induced twins as differently oriented calcite crystals 
grew and eventually coalesced (Figure 5.5). 
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Figure 5.5. SEM image of substrate-induced calcite twins grown on an anhydrite (001) surface. This type of 
twins develops when two neighbour, differently oriented calcite crystals (Cal5 and Cal5’) belonging to the same 
epitactic population (Cal5) grow to coalesce. The crystal individuals forming the twin are related one to other 
through a reflection operator belonging to the anhydrite substrate (see Figure 5.3c).  
 
5.2. DISCUSSION 
We demonstrated that the density of calcite crystals formed upon interaction 
between specific anhydrite surfaces with carbonate-rich aqueous solution was 
significantly higher at earlier stages of reaction on (001)Anh compared to on (100)Anh 
and (010)Anh. This is a consequence of the significantly higher reactivity of the 
(001)Anh surfaces, which dissolves at a much faster rate than both (100)Anh and 
(010)Anh (Shindo et al., 2010). Consequently, the rate at which Ca2+ ions were 
released from an anhydrite (001) substrate was also faster, resulting in a more rapid 
increase of local supersaturation in the vicinity of the (001)Anh-aqueous solution 
interface compared to the interface between the aqueous solution and the other two 
anhydrite cleavage surfaces, (100) and (010). The nucleation of CaCO3 at higher 
supersaturation levels can, in turn, explain both, the formation of a higher number 
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of calcite nuclei as well as the formation of a small amount of metastable vaterite at 
the early stages of the reaction (Roncal-Herrero et al., 2017).  
Unsurprisingly the habit of all calcite crystals that grew on the three anhydrite 
surfaces was bounded by the {10 4} form, that is, the cleavage rhombohedron. This 
form is the most stable one among the calcite forms because the four different 
periodic bond chains (PBCs) contained in a d{104} slide, provide it with a very strong 
F character (Aquilano et al., 2011; Hartman and Perdok, 1955a; Paquette and 
Reeder, 1995). These PBCs run parallel to [41], [48 ], [21], and [010] directions in 
the calcite structure (Heijnen, 1985). The two first directions mentioned above are 
relatively straight chains of carbonate-calcium-carbonate bonds, whereas PBCs 
parallel to the [21] and [010] directions consist in undulating bond chains, also 
composed by carbonate-calcium-carbonate bonds (Figure 5.6). 
 
 
Figure 5.6. Schematic projection showing the three non-equivalent PBCs contained in the calcite {10 4} 
surface. The [21] direction runs parallel to the short diagonal of the rhombus defined by <41> directions. 
The [010] direction runs parallel the long diagonal. Ca2+ cations are depicted by spheres, whereas ball and 
sticks groups represent CO32-. 
 
Although the development of an epitaxy between an overgrowth and a 
substrate is not exclusively ruled by geometrical factors the existence of geometrical 
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similarities between the structures of the involved phases is a requirement for the 
epitaxy to be possible. These similarities are present in the structures of anhydrite 
and calcite, despite the fact that both phases crystallize in different crystal systems 
(anhydrite: space group Amma, a = 6.993 Å, b = 6.995 Å, and c = 6.245 Å; calcite: 
space group Rc, a = 4.990 Å, and c = 17.061 Å (Effenberger et al., 1981; 
Hawthorne and Ferguson, 1975). The structures of the {100}Anh, {010}Anh, and 
{001}Anh surfaces and the {10 4} form of calcite are based on chains of alternating 
oxyanion polyhedra and [n]- coordinated Ca2+. These chains link to each other, 
forming layers. In the anhydrite structure three sulphate-calcium-sulphate bond 
chains can be distinguished (Aquilano et al., 1992). These PBCs run parallel to the 
crystallographic axes. Consequently, they provide an F-character to the three main 
anhydrite surfaces since all of them contain two groups of coplanar PBCs. As a 
result of these crystallographic similarities, the formation of a {10 4} layer of calcite 
on any of the three anhydrite surfaces does not interrupt the SO4 – Ca sequence and 
can ideally continue and match the structure of anhydrite. Indeed, structural 
continuity “represents the master condition which has to be respected when two 
crystalline individuals grow within the twinning or epitaxial relationships” (Massaro 
et al., 2008). Moreover, although the geometries of the sulphate (SO42-, tetrahedron) 
and carbonate (CO32-, triangle) oxyanions are different, both are identically charged 
and have a similar size, which contributes to make possible the development of 
epitatic relationships between both phases. As a matter of fact, it has been 
demonstrated that calcite can incorporate small amounts of sulphate substituting 
carbonate in its bulk structure (Arroyo-de Dompablo et al., 2015; Balan et al., 2017; 
Fernández-Díaz et al., 2010; Frisia et al., 2005; Perrin et al., 2017).  
Beyond the structural similarities, the formation of the interface between 
layers of two different phases also requires a good matching of their lattice planes. 
The mismatch through the interface between the lattices of the two phases involved 
in the epitaxy can be described by the lattice misfit (mf), which is frequently 
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where is the repeating period along the [uvw] direction of the substrate 
(anhydrite) and overgrowth (calcite). Negative misfit values mean that the unit cell 
of the overgrowth is contracted along [uvw] in comparison to the unit cell of the 
substrate ( ), whereas a positive misfit value indicates an expansion of 
the overgrowth unit cell along the same direction. If the difference between the 
corresponding lattice constants mf is ≤ 10% to 12%, the lattice matching results in 
the formation of a coherent substrate–overgrowth interface. This is furthermore, 
accompanied by the generation of elastic strain and stress and the formation of an 
epitaxy (Chernov, 1984; Shtukenberg et al., 2005). Figures 5.7 a-d display the 
projections of the structure of anhydrite on the (100), (010) and (001) planes, and 
the structure of calcite on the (10 4) plane. The superimposed lozenges on the 
anhydrite structure projections depict a calcite rhombohedron, bounded by <41> 
edges and with one of its (10 4) faces siting on the projected anhydrite plane. These 
lozenges are oriented with a pair of their <41> edges parallel to a main direction in 
the anhydrite projection. This matches our observations from the SEM images and 
EBSD analyses results (Figures 5.2-5.4). 
 uvwt
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Figure 5.7. Projections of the crystal structures of a slice of (a) (200)Anh, (b) (020)Anh, and (c) (002)Anh. The 
superimposed rhombus depicts the (10 4) face of the calcite rhombohedron projected in the same orientation 
as shown in the SEM images (d) Schematic of the (10 4)Cal surface of calcite showing the main directions. 
Ca2+ cations are depicted by spheres, whereas ball and sticks groups represent SO42- and CO32-. 
 
As explained above, in most of the calcite crystals (Cal1 and Cal3) the epitactic 
overgrowth of {10 4}Cal on (100)Anh and (010)Anh was controlled by the parallelism 
between the <41>Cal and [001]Anh. For anhydrite, the distance between successive 
SO4 groups along [001] is 6.245 Å, i.e., it coincides with the anhydrite c cell 
parameter. In the calcite structure, the distance between successive equivalent CO3 
groups (repeating period) is 12.850 Å, which is about twice the distance between 
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successive SO4 groups along [001]Anh (2 x 6.245 Å = 12.49 Å). Similar repeating 
periods guarantee a good matching between the two structures. Considering a 1:2 
ratio between the repeating periods along [001]Anh and <41>Cal, the misfit is 2.88% 
(Table 5.1), which clearly lies within the limits required for epitactic nucleation from 
solution (Chernov, 1984). Thus our data show that the excellent matching between 
both surfaces along these directions explains the development of an oriented 
overgrowth of calcite on both (100)Anh and (010)Anh surfaces. One additional pair of 
directions within these contact planes can also be defined in both anhydrite surfaces, 
<011>Anh║ [010]Cal and <101>Anh║ [010]Cal. These pairs show relatively good 
matching with linear misfit close to 6.4% (see Table 5.1). However, an angular 
divergence between both directions of ~ 9.20º does not support the possibility that 
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As we have shown in the SEM images (Figures 5.2a and 5.3a), there was a 
secondary, much less numerous population of calcite crystals, which included two 
crystal populations (Cal2 and Cal4), with one of their <41>Cal aligned parallel to the 
[010] and [100] directions of the (100)Anh and (010)Anh surfaces, respectively. Since 
the a and b axes in the anhydrite structure are almost identical in length (b – a = 
0.002 Å), the linear misfits between the calcite and anhydrite structures along both 
of these directions are also very similar with ~ 8% for both the [010]Anh║<41>Cal 
and the [100]Anh║ <41>Cal alignments. It was also possible to define a second pair 
of alignments, with <011>Anh║ [010]Cal (Cal2) and <101>Anh║ [010]Cal (Cal4), which 
were identical to those described for Cal1 and Cal3, although with a lower angular 
divergence (~2.7º). Although the matches described for Cal2 and Cal4 were not as 
good as those calculated for the Cal1 and Cal3 populations, they nevertheless still 
guarantee the development of an epitactic overgrowth of so oriented calcite crystals 
on the (100)Anh and (010)Anh surfaces. The good match between the two pair of 
directions in this second orientation explains, therefore, the development of two 
non-symmetrically related populations of calcite crystals rotated by ~12° with 
respect to each other. On anhydrite {001} surfaces we have suggested a match 
between [100]Anh║<41>Cal and <110>Anh║[010]Cal for Cal5, and 
[010]Anh║<41>Cal and <110>Anh║ [010]Cal for Cal6 with a slightly better misfits for 
Cal5 than Cal6 (see Table 1). This higher fitting goodness explains the much larger 
population of Cal5 crystals.  
It is possible to evaluate epitaxy relationship solely on the basis of structural 
similarities and misfit values. However, as stated by the PBC theory, a minimum 
interface energy is achieved when, apart from a matching of parallel planes of the 
substrate and the overgrowth, there is a coincidence between the close-packed 
atomic rows (defined by the PBCs) contained in these planes (Chernov, 1984). In all 
the epitactic relationships defined above, the better match involves crystallographic 
directions parallel to PBCs in both calcite and anhydrite. This factor further favours 
the development of the oriented overgrowth. Indeed, other alternative epitactic 
relationships with low misfits values can be envisaged. For instance, the 
[110]Anh║<010>Cal alignment on (001)Anh exhibits an excellent match with a linear 
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misfit of 0.90%. However, such an epitaxy is in principle energetically unfavorable 
with respect to the epitaxies defined above, since the [110]Anh is not parallel to any 
PBC in the anhydrite structure. Furthermore, although the [010]Cal direction 
corresponds to a PBC, this is a rough, high energy and thus less favourable PBC 
(Aquilano et al. 2011). In Figure 5.7c, some crystals could be oriented following this 
orientation (Cal7), although this is not clearly supported by SEM observations and 
EBDS analyses (Table 5.1). 
The existence of epitactic relationships between anhydrite surfaces and calcite 
overgrowths can influence the kinetics of the carbonation reaction. It has been 
shown that under certain conditions the development of epitactic overgrowths can 
lead to surface passivation (Prieto et al., 2013), and, as a result, to a slow down or 
even full inhibition of any further dissolution-precipitation after the formation of a 
thin overgrowth. Such overgrowths are often only nanometer-thin, as in the cases of 
the epitactic overgrowths of otavite (CdCO3) and rhodochrosite (MnCO3) on a 
calcite {10 4} substrate or of hashemite (BaCrO4) on a barite (BaSO4) (001) 
(Godelitsas et al., 2010; Pérez-Garrido et al., 2007; Pérez-Garrido et al., 2009; 
Riechers and Kerisit, 2018; Shtukenberg et al., 2005). Overgrowths can result from 
the development of two-dimensional, yet only a few nanometers high nuclei. These 
spread rapidly on a substrate and coalesce according to a Frank-van der Merwe or 
Stranski-Krastanov epitactic growth mechanisms (Pérez-Garrido et al., 2007; Prieto 
et al., 2013; Shtukenberg et al., 2005). Depending on the goodness of the lattice 
misfit this commonly involves isostructural phases, which belong to the same 
mineral group. The formation of this type of overgrowths leads to the almost 
perfect preservation of the nano-topography of the surface of a substrate (Astilleros 
et al., 2003a; Astilleros et al., 2006). A second type of epitactic overgrowth involves 
the formation on a dissolving substrate of three-dimensional crystals, according to a 
Volmer-Weber growth mechanism. Commonly, the formation of 3-D crystals takes 
place when the primary and the secondary phases are non-isostructural but share 
some structural features and the matching through certain interfaces is good. In this 
case, even if the overgrowth completely carpets the substrate (like in the case of our 
calcite crystals growing on the anhydrite surfaces), the armouring is usually 
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imperfect. The existence of hollows, left between differently oriented crystals in the 
overgrowth, allows a continuous communication between the aqueous solution and 
the substrate. This way, the progress of the dissolution-crystallization reaction is 
guaranteed, even if its kinetics is slowed down. Excellent examples of this type of 
epitaxy are the oriented growth of pharmacolite (CaHAsO4·2H2O) on gypsum and 
of anglesite (PbSO4) on anhydrite (Morales et al., 2013; Rodriguez-Blanco et al., 
2007). In the latter case, it was demonstrated that the formation of the overgrowth 
did not prevent the dissolution-precipitation reaction progressing until the complete 
replacement of anhydrite by anglesite. 
The anhydrite – calcite epitaxy described here clearly fits in this latter category. 
The coalescence of micrometer sized blocky calcite crystals that are differently 
oriented on the anhydrite substrates will necessarily lead to the formation of a 
porous overgrowth. This will nevertheless, fail to perfectly seal the substrate. The 
effect of this imperfect sealing is further enhanced by the fact that the replacement 
of anhydrite by calcite leads to a negative volume change, further contributing to an 
increase in the porosity of the overgrowth calcite layer and explaining that anhydrite 
crystals in contact with carbonate-bearing solutions can become completely replaced 
by aggregates of calcite crystals in relatively short times (~15 days under the 
experimental conditions used in this work)(Roncal-Herrero et al., 2017).  
It is worth highlighting that the existence of two or more equiprobable 
orientations of the calcite crystals on the anhydrite substrates leads to the 
development of so called substrate-induced twinning (Pinto et al., 2009). The 
formation of such twins (Figure 5.5) is a consequence of the coalescence of 
individuals that are differently oriented with respect to the substrate, but whose 
orientations are related to each other by symmetry operators inherent to the 
substrate structure (Morales et al., 2014; Pinto et al., 2009). The twin law is, 
therefore, determined by the substrate symmetry. For instance, in the anhydrite – 
calcite epitaxy in this current study, individual crystal a can be related with individual 
crystal d through a centre of symmetry which acts as a twin centre (Figure 5.2c). The 
formation of substrate-induced twins is a general phenomenon, which has so far 
been reported to occur during pseudomorphic mineral replacement processes 
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through interface coupled dissolution-crystallization reactions (Morales et al., 2014; 
Pinto et al., 2009). 
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6. POROSITY GENERATION AND EVOLUTION DURING THE 
CARBOBANTION OF ANHYDRITE 
As has been stated, anhydrite carbonation involves the generation of a large 
volume of porosity. In order to study the generation and evolution of porosity as a 
result of the carbonation process, experiments of anhydrite single crystal 
replacement after interaction with carbonate aqueous solutions were conducted. The 
characterization of the resulting pseudomorphs using SEM and CT-scan analyses 
provides information that sheds light on the factors that control the porosity 
organization within calcium carbonate pseudomorphs after anhydrite at different 
stages of the replacement process. The conclusions derived can be extended to 




Interaction of anhydrite single crystals with carbonate bearing aqueous 
solutions (0.5M and 0.05M Na2CO3) leads to their pseudomorphic replacement by 
calcite together with minor amounts of vaterite and/or aragonite. In all the 
experiments conducted the external shape is preserved and the main original 
microscopic features of the surface of the primary anhydrite crystal are preserved 
after the mineral replacement reaction. All anhydrite surfaces show cleavage steps 
and marked striations which are apparent on (001) surfaces by SEM. These features 
are still distinguishable in the pseudomorphs formed after anhydrite transformation 
into calcite (Figure 6.1). 
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Figure 6.1. SEM image of the (001) surface of anhydrite. Cleavage steps can be seen on it. 
 
CT scanning of anhydrite crystals prior to interaction with carbonate solutions 
reveals that they contain numerous fluid inclusions (Figure 6.2). These fluid 
inclusions are bounded by flat (100), (010) and (001) surfaces and appear strongly 
elongated. Most of them are arranged with their lengths running parallel to [001], 
defining pre-existent channels within the anhydrite crystal. Inclusions during the 
recrystallization of Barite with carbonate bearing solutions have also been observed 
(Weber et al., 2017; Weber et al., 2018). 
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Figure 6.2. Reconstruction of the X-CT dataset of an anhydrite single crystal prior to the beginning of the 
reaction. Results of data segmentation on the whole volume. The inclusions in red are bigger than the ones in 
green, which are bigger that the ones in blue. These areas correspond to fluid inclusions. Most fluid inclusions 
are bounded by flat surfaces approximately parallel to {100}, {010} and {001}, strongly elongated along the 
[001] direction and, consequently, define an arrangement of parallel channels. 
 
These inclusions are also preserved after the development of the Inducted 
Coupled Dissolution-Crystallization (ICDC) reaction that leads to the formation of 
pseudomorphs, as can be seen in Figure 6.3., where a SEM image of a partially 
replaced anhydrite crystal is shown. The large fluid inclusions present in this crystal 
serve as channels along which the carbonate fluid phase encounters enhanced access 
to the anhydrite crystal interior. The existence of these fluid inclusions facilitates the 
inwards advancement of the replacement reaction parallel to the inclusion walls, 
defining a complex reaction front.  
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Figure 6.3. Section of a partially replaced anhydrite crystal after 24 hours interaction with a 0.5M Na2CO3 
aqueous solution. The original anhydrite crystal contains large fluid inclusions whose shape is still visible in 
those regions that has already undergone transformation. Enhanced fluid penetration along these inclusions 
facilitates that the mineral replacement reaction takes place preferentially on inclusion walls, leading to the 
development of a complex-shaped reaction front. 
 
Similar features are observed in the X-CT reconstruction shown in Figure 6.4., 
where a 3D-volume rendering of an anhydrite crystal after it has interacted during 
24 hours with the carbonate solution can be seen. The complex organization of the 
reaction front, whose surface is defined by differently penetrating fingers 
approximately parallel to [001], is clearly depicted. It is worthwhile to note the much 
deeper penetration of the reaction front in those areas where the penetration of the 
fluid phase was facilitated by the presence of pre-existing fluid inclusions. These 
fluid inclusions act as channels for the fluid phase, allowing the interaction to take 
place over larger areas. 
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Figure 6.4.  Reconstruction of the X-CT dataset of an anhydrite single crystal interacted during 24 hours with 
a 0.5M carbonate-bearing solution. Results of data segmentation on the whole volume. The colour code scale 
indicates how much volume is contained in the cavity expressed in mm3. The reaction front shows a complex 
structure, characterized by the development of fingers that run parallel to anhydrite [001] direction. This 
fingering arises from the much deeper penetration reached by the reaction front where it meets pre-existent 
fluid inclusions. 
 
After 3 days of interaction two regions can be clearly distinguished within the 
anhydrite crystal from the outside towards the inside, an outer carbonate layer, 
whose thickness progressively increases, and a retreating, unreacted anhydrite core. 
A sharp contact defines the transition between the carbonate layer and the 
unreacted core. The carbonate layer is porous and, according to porosity features 
and organization, it can be further subdivided into three subregions (Figure 6.5): 
 Zone 1: An almost porosity free outer rim. 
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 Zone 2: An intermediate region where coarse porosity is arranged 
approximately perpendicular to the primary phase surface displaying porous 
channels that alternate with poorly porous calcite columns. 
 Zone 3: An inner subregion where a fine porosity appears homogeneously 
distributed in between small calcite crystals. 
 
Figure 6.5. SEM micrograph of a section of an anhydrite crystal after interaction with a 0.5M Na2CO3 
aqueous solution during 3 days. The sharp contact between the carbonate layer and the unreacted anhydrite is 
apparent. From rim to the core of anhydrite, three zones can be distinguished within the carbonate layer 
according to the texture that arises as a result of porosity organization and distribution: Zone 1 is located in 
the outer region of the carbonate layer and contains little porosity. Zone 2 occupies the intermediate region 
and contains porosity arranged in channels. Zone 3 is the region closer to the anhydrite core and contains a 
fine porosity that appears more homogeneously distributed. 
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The outer subregion (zone 1) is a continuous, very thin (few micrometers 
wide) rim that only contains submicrometric pores. This subregion appears as soon 
as the reaction starts and tends to rapidly disappear substituted by the intermediate 
subregion (zone 2) as the replacement advances (Figure 6.6a). A similar behavior is 
followed by the inner subregion of homogenously distributed porosity (zone 3). 
This subregion is located between the intermediate subregion and the unreacted 
anhydrite core. It starts to develop early during the ICDC reaction, dominating the 
carbonate layer shortly after the beginning of the interaction. Porosity in this 
subregion consists of interconnected pores that are several micrometers to 
submicrometric in size (Figure 6.6b). 
 
Figure 6.6. SEM micrographs of the different zones in the carbonate layer of an anhydrite crystal reacted with 
a 0.5M Na2CO3 aqueous solution during 3 days. (a) The different texture of zone 1 and zone 2 is apparent. 
Whilst zone 1 is nearly porosity free, zone 2 is characterized by a porosity which is distributed in channels 
arranged in an approximately perpendicular to the original crystal surface disposition. (b) Porosity in zone 3 
consists of submicrometric pores more homogeneously distributed. 
 
Although the inner subregion of homogeneously distributed porosity (zone 3) 
still occupies most of the replaced layer after 5 days of interaction with the 
carbonate aqueous solution (Figure 6.7), its relative thickness progressively 
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decreases until completely disappearing, substituted by the intermediate subregion 
(zone 2) 14 days after the beginning of the mineral replacement reaction. 
 
Figure 6.7. Reconstruction of the X-CT dataset of an anhydrite single crystal interacted during 5 days with the 
carbonate-bearing solution. Results of data segmentation on the whole volume. The colour code scale 
indicates how much volume is contained in the cavity expressed in mm3. The reacted area appears in shades 
of greenish and blue. The complex architecture of the reaction front is apparent. Three sub-regions can be 
distinguished in the reacted layer: A thin low porosity external rim (upper area of the image), an intermediate 
region arranged in channels where porosity concentrates alternating with poorly porous columns, and a large 
sub-region of homogeneously distributed porosity located between the intermediate sub-region and the 
unreacted anhydrite core. The intermediate sub-region is quite developed. Well defined channels are restricted 
to external zone. These channels appear arranged mainly parallel to [001]. 
 
The intermediate subregion (zone 2) progressively develops and gains 
importance, growing at expenses of the other two ones. It dominates the carbonate 
secondary layer after 7 days of interaction and becomes the only relevant subregion 
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14 days after the beginning of the mineral replacement reaction, as evidenced in the 
X-CT scanning images shown in figure 6.8. In this subregion calcite columns only 
contain submicrometric pores and are separated by regions where porosity 
accumulates. The width of the calcite columns increases as the reaction progresses. 
This thickening of poorly porous calcite columns is accompanied by a progressive 
thinning of the alternating highly porous regions. This thinning takes places 
concomitantly to a porosity coarsening that leads to the arrangement of this porosity 
in wide channels. This evolution finally results after 14 days interaction in an 
alternating pattern of columns of porosity-free calcite and 20-50 micrometers wide 
channels (Figure 6.8). These channels appear mainly arranged parallel to [001]. 
Poorly defined channels that run along [100] and [010] are also distinguishable. 
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Figure 6.8. Reconstruction of the X-CT dataset of an anhydrite single crystal interacted during 14 days with 
the carbonate-bearing solution. Results of data segmentation on the whole volume. The colour code scale 
indicates how much volume is contained in the cavity expressed in mm3. The reacted area appears in shades 
of redish and blue. The reacted region is fully occupied by the intermediate subregion. This subregion 
consists of channels, where porosity concentrates, alternating with poorly porous columns. Both channels 
and columns are well developed and run parallel to the vertical axis of the image. 
 
The porosity increases with time. This increase regards both, the volume 
(Figure 6.9a) and the surface of porosity (Figure 6.9b), which is located at the 
replaced phase. The anomalous value of data corresponding to the sample 
interacted with the carbonate solution during 3 days results from the presence in its 
interior of a pre-existing extremely large inclusion. 
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Figure 6.9. Volume (VolPor) (mm3) and surface (SurPor) (mm2) of porosity in function of reaction time (days). 
They both increase with reaction time. 
 
Table 6.1 summarizes porosity values and pore sizes in the after 1 day, 3 days, 
5 days, 7 days and 14 days interaction between the anhydrite single crystal and a 
0.5M Na2CO3 aqueous solution. As can be seen, the percentage of porosity volume 
with respect to the volume of the original anhydrite single crystal follows an 
increasing during the first 7 days. Afterwards, this percentage decreases, 
approaching values similar to those corresponding of 3 days of interaction of the 
anhydrite single crystals with 0.5M Na2CO3 aqueous solution. The percentage of 
porosity volume with respect to the volume of the replaced layer shows a constant 
value of 32±4%, regardless the interaction time. In contrast, the ratio between the 
porosity surface and the volume of the replaced layer shows an increasing trend 
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Table 6.1. Porosity values of the samples after their interaction with 0.5M carbonate aqueous solution. First, 
second and third columns correspond to: VolPor/VolTot (%): Porosity volume with respect to volume of the 
original anhydrite single crystal; VolPor/VolRepLayer (%): Porosity volume with respect to the replaced layer 
volume (%); and SurPor/VolRep (mm-1): porosity surface with respect to the replaced phase volume (mm-1). 
Sample VolPor/VolTot (%) VolPor/VolRepLayer (%) SurPor/VolRep (mm-1) 
A05-1d 11.09 33.21 77.87 
A05-3d 16.21 28.53 78.98 
A05-5d 21.47 30.79 102.18 
A05-7d 31.55 36.12 99.22 
A05-14d 24.41 33.05 79.27 
 
 















































Figure 6.10. Volume of porosity with respect to the total volume (%) (VolPor/VolTot (%)) (a) and porosity 
surface with respect to the total volume (mm-1) (VolSur/VolTot) (b). They both increase up to 7 days and 
decrease until 14 days. 
 
A similar evolution trend as shown by both, the percentage of porosity volume 
with respect to the volume of the original anhydrite single crystal and the ratio 
between the porosity surface and the volume of the replaced layer is observed in the 
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evolution of specific surface area values obtained in BET measurements. The results 
of the BET analysis of anhydrite interacted samples are summarized in Figure 6.11. 
As can be seen, the specific surface area increases during the first 10 days of 
interaction to decrease afterwards. 
 


























Figure 6.11. BET measurements of the anhydrite single crystals after their interactions with 0.5M carbonate 
bearing solutions during 0, 3, 5, 7, 10, 12, and 14 days. The specific surface area increases until 10 days, and 
decrease until 14 days since the beginning of the reaction.  
 
Porosity evolution is characterized by a progressive increase of the volume 
corresponding to larger pores. This evolution is driven by a progressive widening 
and lengthening of porosity channels arranged perpendicular to the anhydrite crystal 
external surfaces, particularly those oriented along anhydrite [001] direction. The 
lengthening takes place at a much faster rate than the widening, which result in a 
progressive increase of the length to width ratio of these channels. Thus, the 
porosity channels evolve from ~7.2 times longer than their width when 24 hours 
had elapsed since the beginning of the reaction up to ~20 longer than their width 
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when the interaction with the 0.5M Na2CO3 aqueous solution had been taking place 
during 14 days. 
Significant differences in both the advancement of the reaction front and the 
organization of the porosity generated during the mineral replacement reaction are 
observed depending on the concentration of the carbonate bearing solution. When 
less concentrated carbonate-bearing solutions (0.05M Na2CO3) are used, the 
reaction front advances at a much lower rate compared to its advancement rate 
when the mineral replacement reaction takes place in contact with a a 0.5M Na2CO3 
aqueous solution. Thus, after 14 days since the beginning of the reaction with a 
0.05M Na2CO3 aqueous solution, the thickness of the carbonate layer is between 20 
and 80 micrometers, while its thickness is between 200 and 900 micrometers when 
the reaction takes place with a 0.5M Na2CO3 aqueous solution. Most importantly 
regarding the porosity generated during the mineral replacement process, it is not 
restricted to the carbonate layer but accumulates in a gap that occupies the interface 
between the carbonate layer and the retreating anhydrite core. The thickness of this 
gap increases as the reaction proceeds. After 14 days interaction with a 0.05M 
Na2CO3 aqueous solution, it varies between 20 and 70 micrometers, depending on 
the zone, (Figure 6.12). This gap is not noticeable when the reaction takes place with 
a 0.5M Na2CO3 aqueous solution. 
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Figure 6.12. Section of an anhydrite crystal after interaction with a 0.05M Na2CO3 aqueous solution during 14 
days. Note the thin carbonate layer and the wide gap between the former and the anhydrite unreacted core. It 
is worthwhile paying attention to deep wells that result where the gap meets pre-existent inclusions. 
 
The morphology of the reaction fronts shares similar features. In both cases, 
they show a complex topography, characterized by numerous short fingers that are 
arranged perpendicular to the external surfaces of the original crystal (Figure 6.13). 
As occurs when higher carbonate concentrations are used, fingers perpendicular to 
{001} surfaces reach larger developments and appear better defined than those that 
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Figure 6.13. Reconstruction of the X-CT dataset of an anhydrite single crystal interacted during 14 days with 
a 0.05M carbonate-bearing solution. Results of data segmentation on the whole volume. The colour code 
scale indicates how much volume is contained in the cavity expressed in mm3. Note the complex topography 
of the reaction front, characterized by a marked fingering. It is worthwhile to note that the smaller pores are 
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6.2. DISCUSSION 
As explained in the introduction, the replacement of anhydrite by calcite is an 
ICDC reaction that involves a negative molar volume change. Since this reaction has 
a pseudomorphic character, it involves the generation of a large volume of porosity 
that compensates the volume loss associated to the reaction (~20%), thereby 
guaranteeing the external shape preservation. The porosity evolution observed 
results from internal rearrangements that involve the concomitant growth of both, 
pores and calcite crystals. This porosity initially consists of fine pores that are 
homogeneously distributed in the reaction region. Initial inhomogeneities in 
porosity distribution arise from the pre-existence of fluid inclusions within the 
anhydrite crystal. Since these fluid inclusions are mainly arranged parallel to [001], 
fluid access to the reaction front is enhanced along this direction. This sums up to 
the fact that (001) is the fastest dissolving surface of the three main anhydrite 
cleavage surfaces (Shindo et al., 2010). Therefore, a higher amount of porosity 
accumulates at the reaction front advancing from this surface compared to the 
reaction fronts moving inwards from (100) and (010).  Inhomogeneities in the 
distribution of pre-existing fluid inclusions in the anhydrite together with the shape 
of these inclusions constitute the starting point for the development of the fingering 
observed in the reaction front. This fingering is further developed because of the 
positive feedback that arises when small pores formed at the reaction front connect 
and form pipes. These pipes act as channels where the fluid flow takes place at a 
faster rate, determining a more efficient dissolution crystallization reaction at their 
tips (Beaudoin et al., 2018). This mechanism of fingering formation has been 
described for numerous dissolution related processes, including mineral replacement 
reactions, karst formation, crystallization in caves, etc. (Beaudoin et al. 2018; 
Ortoleva et al., 1987; Raufaste et al., 2010; Renard et al., 1998 ). 
We distinguish three regions in the carbonate layer according to porosity 
distribution, whose development takes place at different stages during the 
replacement reaction. The almost porosity-free one (Figures 5 and 6; zone 1) is the 
first to form. It is formed by tiny crystals of calcite with little space between them. 
The small size of these crystals is the consequence of their formation under the very 
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high supersaturation conditions existing in the fluid at the interface when the 
replacement reaction starts. The existence of epitactic relationships between calcite 
crystals and all the three surfaces bounding the anhydrite crystal further contribute 
to explain the small size of the pores trapped within zone 1 in the carbonate layer 
(Cuesta et al., 2018). As soon as a nanometric layer of calcite crystals forms on the 
anhydrite surface, communication between the bulk carbonate solution and the 
interface is restricted and only takes place by diffusion through the porosity network 
in the carbonate layer. Therefore, the fluid phase at the interface does not re-
equilibrate with the bulk solution rapidly enough. The epitactic nature of the 
carbonate layer further contributes to the hindering of the re-equilibration between 
the fluid at the interface and the bulk solution. As a result, the concentration of 
dissolved carbonate at the interface steadily drops, while the concentration of 
dissolved sulfate increases. This determines that the supersaturation at which calcite 
crystallization takes place also progressively drops as the transformation front 
moves forward. Moreover, saturation with respect to anhydrite is more easily 
reached the higher the concentration of sulfate in the fluid phase is (Fernández Díaz 
et al., 2010). The evolution in the composition of the fluid phase at the interface has 
two direct consequences: (1) The rate of advancement of the reaction front 
decreases and, (2) since calcite crystallizes under lower supersaturations, a smaller 
number of nuclei forms, determining that calcite crystals reach larger sizes than in 
zone 1, leaving pores between them which are approximately isometric. These larger 
calcite crystals build up zone 3 in the carbonate layer. As explained above, most 
pores in zone 3, although larger than those observed in zone 1, are still 
submicrometric.  
As explained in the introduction, porosity has a transient character and it 
evolves since the very first moment of its formation. In some cases, porosity is only 
an hour-scale lived, as it occurs during the replacement of some soluble like KBr by 
KCl (Beaudoin et al., 2018; Putnis et al., 2005; Raufaste et al., 2010). Most often 
porosity is long-lived and last over millions of years, during which it continuously 
rearranges as long as its constituent pores are filled by an aqueous phase (Jonas et 
al., 2013; Jonas et al., 2014; Pedrosa et al., 2016a; Pedrosa et al., 2016b; Putnis 2009; 
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Putnis 2015). The most obvious driving force for porosity rearrangements is the 
reduction of pore surface area, which leads to a reduction of the total surface free 
energy. In the case of the carbonate layer formed during the replacement of 
anhydrite by calcite pore walls are defined by calcite crystal surfaces. The reduction 
in pore surface takes place concomitantly to, and as a result, of the reduction in the 
total surface area of the numerous calcite crystals that build up zone 3. This decrease 
in crystal surface area occurs through the growth of larger crystals at expenses of the 
smaller calcite crystals via a dissolution-crystallization process. This process leads to 
the coalescence of growing crystals and ends up with the disappearance of tiny 
calcite crystals. The presence of pre-existing-fluid-inclusion-related inhomogeneities 
in the carbonate layer provides a starting pattern of larger and smaller pores and 
crystals. The dissolution-crystallization process that leads to the coalescence of large 
calcite crystals reproduces and coarsens this pattern. As a result, coalescent calcite 
crystals joint to form porosity-free columns, while the dissolution of tiny crystals 
leads to the formation of almost crystal-free channels that run parallel to the calcite 
columns. Both, calcite columns and porosity channels arrange in an alternating 
pattern, defining zone 2. As explained above, this zone develops later than zone 3 
and mainly grows at its expense. The formation of zone 2 overlaps the development 
of zone 3. A possible mechanism that facilitates the coarsening of porosity channels 
has been described by Beaudoin et al., (2018) who explains the coarsening of fingers 
during the replacement of KBr by KCl as linked to the elongation of these fingers. 
When fingers become too long reactant delivery to their tips become inefficient, 
which results in the chemical gradient at the wall of the fingers overcoming the 
chemical gradient at their tips.  
Chemical factors may play a complementary role to the reduction of total 
surface free energy as the driving force for porosity distribution and organization 
rearrangements in the carbonate layer during anhydrite replacement by calcite. 
Indeed, EDX analyses of these carbonate layer show that it is chemically 
inhomogeneous and small differences can be observed regarding the concentration 
of minor elements between areas constituted by calcite small crystals (zone 3) and 
those corresponding to poorly porous calcite columns in zone 2. These differences 
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refer to their S, Sr, Na content, which tends to be slightly higher in crystals 
constituting zone 3. Since the incorporation of these elements into calcite would 
increase its solubility with respect to that of pure calcite, the dissolution-
crystallization process that leads to the coalescence of calcite crystals and the 
coarsening of porosity is accompanied and, in part, driven by a chemical change that 
involves the reduction of the amount of impurities incorporated into calcite 
structure. 
As explained in the results section, a main difference in the organization of 
porosity in calcite pseudomorphs after anhydrite formed as a result of reaction of 
single crystals of the latter phase with differently concentrated carbonate-bearing 
aqueous solutions is the existence or absence of a large gap a the interface between 
the replaced layer and the unreacted anhydrite core. The presence of this gap in 
pseudomorphs formed in contact with 0.05M Na2CO3 aqueous solution is the 
consequence of an inefficient re-equilibration between the fluid phase at the 
interface and the bulk solution, which leads to a progressive decrease of the 
concentration of carbonate ions in the former. As a result, the amount of anhydrite 
that must dissolve for the fluid at the interface to reach a supersaturation high 
enough to allow calcite crystallization to proceed becomes progressively larger. The 
direct consequence is an increase in the negative volume balance resulting from the 
dissolution-crystallization process. This extra negative volume change does not 
accumulate in the carbonate layer since it corresponds to anhydrite dissolution that 
is not concomitant to calcite precipitation, explaining the development of the gap. 
The influence of the concentration of carbonate in the aqueous phase in the 
porosity generation and evolution as well as in other characteristics of the 
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7. INFLUENCE OF THE FLUID PHASE COMPOSITION ON REACTION 
PATHWAYS AND TEXTURAL FEATURES DURING THE 
PSEUDOMORPHIC CARBONATION OF ANHYDRITE 
The interaction between carbonate-bearing aqueous solutions and anhydrite 
single crystals leads to the development of dissolution-crystallization reactions that 
result in the formation of CaCO3 pseudomorphs. Interaction experiments using 
aqueous solutions with different carbonate concentrations show that this parameter 
strongly influences the kinetics of the carbonation reaction, the pathway through 
which this reaction takes place and numerous textural aspects of the resulting 
CaCO3 pseudomorphs.  
 
7.1. RESULTS 
7.1.1. Influence of the carbonate concentration of the aqueous solution in the 
kinetics of anhydrite carbonation 
The replacement of anhydrite single crystals by calcium carbonate occurs at 
much faster rate the higher the concentration of carbonate in the aqueous solution 
is. Thus, when this concentration is 0.5M, the thickness of the carbonate layer that 
surrounds the unreacted anhydrite core is around 50-200 micrometers after 24 hours 
interaction between the original anhydrite crystal and the fluid phase. This thickness 
reaches 200-800 micrometers after 5 days and is 300-1600 micrometers after 14 
days. In contrast, when the carbonate concentration in the solution is 0.05M, the 
carbonation reaction is restricted to a very thin rim that surrounds the unreacted 
anhydrite core. The thickness of this rim only reaches 10-70 micrometers after 3 
days interaction between the crystal and the 0.05 M aqueous solution and is as thin 
as 20-80 micrometers after 14 days. SEM micrographs in Figure 7.1 illustrate the 
different thickness of the carbonate layer formed as a result of the interaction of 
anhydrite single crystals after interaction with a 0.5M (Figure 7.1a) and a 0.05M 
(Figure 7.1b) Na2CO3 aqueous solution during 3 days. 
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Figure 7.1. SEM micrographs of cross-sections of anhydrite single crystals interacted with a (a) 0.5M and (b) 
0.05M Na2CO3 aqueous solution. 
 
It is important to note that regardless the concentration of the carbonate 
concentration in the solution, differences in the kinetics of the carbonation reaction 
are observed between the different anhydrite cleavage surfaces {100}, {010} and 
{001}. While this reaction takes a place at a similar rate on {100} and {010}, its 
kinetics is much faster on {001}, as can be concluded from the much larger 
thickness of the carbonate layer that forms on this surface after given interaction 
times. Figure 7.2 illustrates this difference in thickness for anhydrite crystals that 
have been in contact with 0.05M Na2CO3 aqueous solutions during 3 days. While 
the carbonate layer formed on {010} surface is ~20 µm thick, it has a thickness of 
~70 µm on {001} (Figure 7.2a). Its thickness on {100} is ~25 µm (Figure 7.2b). 
 
Figure 7.2. SEM micrographs of anhydrite single crystals after interaction with a 0.05M Na2CO3 aqueous 
solution during 3 days. The crystals have been cut parallel to {001} and {100} surfaces, respectively. 
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7.1.2. Influence of the carbonate concentration of the aqueous solution in the 
carbonation reaction pathway 
Observations conducted on the three cleavage surfaces that bound the 
anhydrite single crystals used in the interaction experiments evidence that when the 
concentration of carbonate in the aqueous solution is high (0.5M), the carbonation 
reaction involves the formation of the stable calcium carbonate polymorph calcite in 
all the faces, with only trace amounts of vaterite forming on {001} surfaces. This 
vaterite appears as aggregates that rapidly dissolve to transform into calcite (Figure 
5.1c). In contrast, during the interaction of anhydrite single crystals with 0.05M 
Na2CO3 aqueous solutions the reaction pathway followed by the carbonation 
reaction is significantly more complex. This reaction pathway is characterized by the 
simultaneous formation of calcite single crystals and vaterite aggregates on all 
anhydrite cleavage surfaces soon after anhydrite crystals are in contact with the 
carbonate aqueous solution. Although calcite is the dominant CaCO3 phase in all 
the cases, the formation of both polymorphs on anhydrite {100}, {010} and {001} 
after only 1 hour interaction with the 0.05M Na2CO3 aqueous solution is apparent 
in the SEM micrographs shown in Figure 7.3. 
 
Figure 7.3. SEM micrographs of surfaces of anhydrite single crystals parallel to (a) {100}, (b) {010} and (c) 
{001} planes after interaction with a 0.05M Na2CO3 aqueous solution during 1 hour. 
 
Furthermore, as the interaction progresses, the formation of a new phase, the 
CaCO3 polymorph aragonite is observed. Crystals of this phase are first observed 
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after few hours of interaction on anhydrite {010}. Althought aragonite crystals 
appear later on {100} and {010} than on {001}, after 1 day interaction this phase is 
almost as abundant as calcite on these two other faces (Figure 7.4). 
 
Figure 7.4. SEM micrographs of the {100} surface of an anhydrite single crystal that has been in contact with 
a 0.05M Na2CO3 aqueous solution during 24 hours. Note the presence of calcite single crystals and aragonite 
elongated crystals growing on this surface and the similar abundance of both phases. The pseudohexagonal 
section characteristic of aragonite twins can be observed on some of the elongated crystals. 
 
It is interesting to note that, while vaterite crystal aggregates disappear from 
the surface of anhydrite crystals after 1 day interaction with 0.05M Na2CO3 aqueous 
solution, aragonite crystals remain as main components of the carbonate layer even 
after interaction periods as long as 7 days (Figure 7.5). It is also striking the 
morphological that can be observed in calcite crystals, whose habit is initially 
defined by cleavage rhombohedron {10 4} but, as time passes by, either becomes 
elongated along the c-axis and develops new curved surfaces that seem to belong to 
the c-axis zone (Figure 7.5a) or develops numerous growth steps and show some 
signs of dissolution on {10 4} (Figure 7.5b). 
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Figure 7.5. SEM micrographs of (a) {010} and (b) {001} surfaces of anhydrite single crystals after interaction 
with a 0.05M Na2CO3 aqueous solution during 7 days. Note the presence of calcite and aragonite growing on 
both surfaces. Calcite crystals show a habit that is bound by the {10 4} rhombohedron (b) together with 
curved surfaced that seem to belong to the c-axis zone (a). Aragonite appears as elongated crystals that show 
the typical pseudohexagonal section of aragonite twin (a) or as sheaf-like aggregates that consist of needle-like 
crystals in radial arrangement (b). 
 
Finally, it is interesting to note that both calcite and aragonite crystals grow 
oriented on anhydrite surfaces, as can clearly be seen in Figure 7.6. Furthermore, 
aragonite nucleates directly on calcite crystals. 
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Figure 7.6. SEM micrographs of anhydrite single crystal surfaces after interaction with a 0.05M Na2CO3 
aqueous solution during 5 days. Note the presence of calcite and aragonite crystals growing on these surfaces. 
The white circle in (a) highlights the growth of aragonite directly on the surface of calcite crystals. The 
oriented growth of both aragonite and calcite crystals can is evidenced in (b). 
 
The amount of aragonite in the carbonate layer continues decreasing after 7 
days interaction of anhydrite single crystals with 0.05M carbonate solutions. This 
decrease is concomitant to the increase of calcite in the carbonate layer. However, it 
is worthwhile to note that significant amounts of aragonite are still present in the 
carbonate layer after 14 days interaction, as can be seen in Figure 7.7. It is also 
important to note that calcite crystals, which are highly predominant in the 
carbonate layer, show morphologies in which edges and steps on {10 4} 
rhombohedron faces appear strongly lobbed.  
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Figure 7.7. SEM micrograph of an anhydrite surface after interaction with a 0.05M Na2CO3 aqueous solution 
during 14 days. Note that calcite is the main CaCO3 phase present, although very minor amounts of aragonite 
can also be seen. Calcite crystals shown are bound by the {10 4} rhombohedron faces that show lobbed 
edges and steps.  
 
7.1.3. Influence of the carbonate concentration of the aqueous solution in the 
textural characteristics of calcite pseudomorphs after anhydrite. 
 As has been explained in previous sections, the carbonation of anhydrite 
single crystal leads to the formation of pseudomorphs of CaCO3. As can be seen in 
Figure 7.8, the external shape of anhydrite single crystals is accurately reproduced. 
This faithful reproduction includes the characteristics of bounding faces, edges and 
cleavage steps and extends to fine details of the surface as the striations that are 
typical feature of anhydrite {001} surfaces (Figure 7.8c). 
7. INFLUENCE OF THE FLUID PHASE COMPOSITION ON REACTION PATHWAYS AND 
TEXTURAL FEATURES DURING THE PSEUDOMORPHIC CARBONATION OF ANHYDRITE 
108 
Figure 7.8. SEM micrographs of anhydrite single crystals after interaction with a Na2CO3 aqueous solution 
during 1 day: (a) 0.5 M; (b) 0.05M; (c) {001} surface of an anhydrite single crystal after interaction with a 
0.05M Na2CO3 aqueous solution. The anhydrite crystals are partially replaced by CaCO3. Note the perfect 
reproduction of the external shape of anhydrite crystals, including details of the surfaces like cleavage steps 
and striations characteristics. 
  
Although CaCO3 pseudomorphs always form regardless of the concentration 
of the carbonate aqueous solution that interacts with the primary anhydrite single 
crystal, the scale of the pseudomorphism is strongly affected by this parameter. This 
results in a much accurate reproduction of anhydrite surface characteristics when 
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the interaction takes place with more highly concentrated carbonate-bearing 
aqueous solutions. A detailed inspection of CaCO3 pseudomorphs formed in 
contact with carbonate-bearing aqueous with different concentrations evidences that 
the size of the crystals building up the external rim of the carbonate layer anhydrite 
crystal is smaller the more concentrated the aqueous solution is, as can be seen in 
Figure 7.9. Thus, the average size of calcite crystals in this external rim is smaller 
than 5 micrometers when the carbonation takes place in contact with 0.5 Na2CO3 
aqueous solution, while approaches 20 micrometers when the concentration of the 
solution is 0.05M. 
 
Figure 7.9. SEM micrographs of the surface of anhydrite single crystals after interaction with a (a) 0.5 M and a 
(b) 0.05M Na2CO3 aqueous solution during 5 days. Note the different sizes of the calcite crystals that 
constitute the external rim of the carbonate layer.  
  
A main distinctive feature of CaCO3 pseudomorphs formed after anhydrite 
interaction with 0.05M Na2CO3 aqueous solutions is their fragility. On handling 
them, the carbonate layer easily separates from the unreacted anhydrite core and 
breaks into pieces. This fragility contrast with the characteristics CaCO3 
pseudomorphs formed after reaction with 0.5M Na2CO3 aqueous solutions. In this 
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case, the adhesion between the carbonate layer and the anhydrite core is high at any 
stage of the mineral replacement process. To explore the reasons underlying this 
significant difference in fragility between CaCO3 pseudomorphs formed in contact 
with carbonate aqueous solutions of different concentrations, the characteristics of 
the porosity contained within these pseudomorphs were in depth studied by 
comparing their CT scans. Figure 7.10 shows CT scans reconstructions obtained for 
a CaCO3 pseudomorph formed after 24 hours interaction of an anhydrite single 
crystal with a 0.5M carbonate aqueous solution. In this reconstruction the 
interconnected porosity in the CaCO3 pseudomorph appears color coded in green. 
As is apparent, all this porosity is contained within the carbonate layer, which 
appears with in different shades of gray. 
 
Figure 7.10. Reconstruction of the X-CT dataset of an anhydrite single crystal interacted during 1 day with 
the carbonate-bearing solution (0.5M Na2CO3). The interconnected porosity appears in green. 
 
This carbonate layer is continuous and appears attached to the anhydrite 
unreacted core. This attachment between the carbonate layer and anhydrite core is 
maintained as the carbonate reaction progresses in contact with a 0.5M Na2CO3 
aqueous solution, as is illustrated by the CT-reconstruction in Figure 7.11. This 
crystal corresponds to an anhydrite single crystal that has remained in contact the 
solution during 14 days. It is worthwhile to note the arrangement of the generated 
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porosity in columns perpendicular to one of the surfaces that bounded the original 
anhydrite crystal. 
 
Figure 7.11. Reconstruction of the X-CT dataset of an anhydrite single crystal interacted during 14 days with 
the carbonate-bearing solution (0.5M Na2CO3). The interconnected porosity appears in red. Note the 
porosity within the carbonate layer arranged in columns that appear perpendicular to one of the external faces 
of the original anhydrite crystal. 
 
The consistency of the carbonate layer in CaCO3 pseudomorph formed after 
interaction of an anhydrite single crystal with 0.5M carbonate aqueous solutions 
contrast with the characteristics of this layer in pseudomorphs formed after reaction 
with a less concentrated solution. An example of the characteristics of both the 
carbonate layer and the distribution of porosity generated during the interaction of 
an anhydrite single crystal with a 0.05M Na2CO3 aqueous solution is shown in 
Figure 7.12. In the images, the generated porosity is marked in red and green. 
Although in this case the carbonate layer also appears quite continuous, most of the 
porosity generated appears concentrated in a gap that effectively separates the 
carbonate layer from the unreacted anhydrite core along its whole surface. The 
existence of this gap prevents the attachment of the carbonate layer to the anhydrite 
core. 
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Figure 7.12. Reconstruction of the X-CT dataset of an anhydrite single crystal interacted during 1 day with 
the carbonate-bearing solution (0.05M Na2CO3). (a) Location of the regions of then anhydrite crystals 
explored (marked in red and green). (b, c) Detail of the interconnected porosity in red (b) and green (b). Note 
that most of the porosity concentrates in a gap that effectively separates the carbonate layer from the 
unreacted anhydrite core.  
 
7.2. DISCUSSION 
7.2.1. Kinetics of anhydrite carbonation 
As it has been explained in previous chapters, the carbonation of anhydrite 
crystals shows the typical characteristics of ICDC. It involves the development of 
one or more solvent-mediated transformations (Cardew and Davey, 1985) that 
initiates as soon as the anhydrite crystal is in contact with a carbonate-bearing 
aqueous solution. Because this aqueous solution is undersaturated with respect to 
anhydrite, this phase starts to dissolve, releasing Ca2+ and SO42- ions to the aqueous 
solution. Considering the solution volume/anhydrite crystal weight ratio, the 
concentration of CO32- ions in the two carbonate bearing solutions is high enough 
to guarantee that the whole anhydrite crystal can be replaced by CaCO3 phases. 
Furthermore, under the unstirred conditions in the experiments, when the 
dissolution-crystallization process starts, the concentration of Ca2+ and SO42- ions 
will be much higher in the proximity of the anhydrite dissolving crystal than in the 
bulk solution. This means that, at this point, the supersaturation of the aqueous 
solution layer in direct contact with anhydrite surface with respect to CaCO3 phases 
will be extremely high. This leads to the CaCO3 phases nucleation on anhydrite 
surface. As soon as nucleation occurs, the solution will become depleted in Ca2+, 
which will further promote the dissolution of anhydrite, initiating the dissolution-
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crystallization loop (Putnis 2005; Putnis 2009; Putnis 2015; Putnis and Putnis, 2007; 
Ruiz-Agudo et al., 2014). Since any nucleation process has an energy barrier 
associated, the formation of CaCO3 phases will occur earlier the faster this barrier 
can be overcome or, in other words, the higher the supersaturation rate is in the 
system (Putnis et al., 1995). There is a direct relationship between supersaturation 
rate and concentration (Prieto et al., 1993; Prieto et al., 1994; Putnis et al., 1995). 
Consequently, CaCO3 nucleation will take place earlier when the initial carbonate 
concentration in the aqueous solution in contact with the anhydrite crystal is higher. 
In the present case, this is in contact with the 0.5M solution. Similarly, once the 
aqueous solution at the interface becomes depleted of Ca2+ ions due to CaCO3 
nucleation and growth, for the aqueous solution to reach again a supersaturation 
high enough to allow further growth of CaCO3, it will be required that a higher 
amount of anhydrite dissolves when the concentration of carbonate in the aqueous 
solution is lower, this is 0.05M. Both factors, the larger supersaturation rate that is 
reached in a system where the initial concentration of carbonate is higher and the 
higher amount of anhydrite that needs to dissolve to reach an equal supersaturation 
when the concentration of carbonate is lower explains the much faster kinetics of 
anhydrite carbonation in contact with an carbonate aqueous solution with a 
concentration of 0.5M than with a concentration of 0.05M. Furthermore, since Ca2+ 
and CO32- ions are both consumed during the growth of CaCO3 phases, the 
concentration of CO32- ions in the system will continuously drop as the carbonation 
reaction proceeds. This drop will be much more significant in the volume of 
aqueous solution located at the interface since mobility in the system is restricted 
and re-equilibration with the bulk solution can only take place by ion diffusion 
through the porosity network within the carbonate layer. The fact that a larger 
concentration gradient between the solution at the interface and the bulk together 
with the much larger amount of CaCO3 that can precipitate before the solution at 
the interface becomes significantly depleted of CO32- ions when the initial 
concentration of carbonate in the aqueous solution is higher, both further explain 
that the carbonation reaction can progress longer and at faster rate when the 
anhydrite crystal is in contact with a 0.5M carbonate solution. Indeed, in the case of 
a low initial concentration of carbonate, both the slower diffusion through the 
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porosity network and the earlier depletion of CO32- ions in the solution at the 
interface can eventually lead to the complete stoppage of the carbonation reaction 
when in takes place in contact with a 0.05M carbonate solution, explaining that even 
after 14 days interaction, the maximum thickness of the carbonate layer around the 
unreacted anhydrite core hardly reaches 100 micrometers.  
It is interesting the fact that the kinetics of anhydrite carbonation is surface-
related. As has been pointed out, the carbonate layer is always significantly thicker 
on {001}, regardless the interaction time and the concentration of the solution, 
while it is similarly thick on both, {100} and {010}. These differences in the rate of 
advancement of the reaction front can be related to differences in the dissolution 
rate of the different surfaces. Indeed, Shindo et al. (2010) conducted in situ AFM 
observation of anhydrite dissolution in pure water. These authors found that 
dissolution occurs much faster on {001}, while the dissolution rates of {100} and 
{010} are similar.  
7.2.2. Reaction pathway 
As has been explained above, the reaction pathway followed during the 
anhydrite carbonation reaction strongly differs depending on the initial carbonate 
concentration in the aqueous solution. Thus, while when a 0.5M carbonate solution 
is used, it only involves the formation of calcite, accompanied by trace amounts of 
vaterite on {001} surface, during the interaction of anhydrite single crystals with a 
0.05M carbonate solution, the carbonation reaction initiates with the precipitation of 
mixtures of calcite and vaterite, progresses simultaneously to the transformation of 
these mixtures into calcite and aragonite, with aragonite progressively becoming less 
abundant, to end with the carbonate layer being almost exclusively constituted by 
calcite. The formation of mixtures of calcite and vaterite has previously been 
observed during the early stages of the carbonation of gypsum (Fernández-Díaz et 
al., 2009) and has been attributed to kinetics effects derived from the high 
supersaturation levels that can be reached in the carbonate-bearing solution at the 
interface. Roncal-Herrero et al. (2017) gave a similar interpretation to the formation 
of vaterite accompanying calcite during the interaction of the fast dissolving 
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anhydrite {001} surface with 0.5M carbonate solutions. Indeed, it is well known that 
metastability phenomena are common during the crystallization of CaCO3 from 
solution under far from equilibrium conditions (Radha and Navrotsky, 2010; Rahda 
et al., 2013; Sawada 1998). However, a kinetic effect related to the high 
supersaturation at nucleation time it is not a suitable explanation for the formation 
of vaterite during the interaction of anhydrite with 0.05M carbonate solutions, since 
it is to be expected that nucleation will take place under high supersaturations when 
the interactions occurs with a more concentrated solution (0.5M). Furthermore, it 
has been demonstrated by Cuesta et al. (2018) and Roncal-Herrero et al. (2017) that 
the existence of epitactic relationships between calcite and anhydrite reduce the 
energetic barrier for the nucleation of the former on the latter, to a high extent 
preventing the development of kinetics related metastability phenomena. Even 
more difficult to explain is the latter transformation of mixtures calcite and vaterite 
into mixtures of calcite and aragonite. Under the temperature conditions in the 
experiments (25ºC), solid state transformations between polymorphs are completely 
unfeasible due to their extreme sluggishness. Therefore, this transformation takes 
place via a dissolution-crystallization process. The driving force such a process is the 
lower solubility of aragonite compared to vaterite (KspArg = 10-8.336, KspVtr = 10-7.91 
(Plummer and Busenberg, 1982)). However, for the solvent mediated 
transformation of vaterite into aragonite to proceed, first aragonite nuclei have to 
form. Since crystals of the less soluble, and consequently more stable, calcite are 
already present in the system (KspCal = 10-8.48 (Plummer and Busenberg, 1982)) and 
the energy barrier that must be overcome for the formation of aragonite nuclei is 
much higher than the energy barrier for calcite growth, it stands to reason support 
that vaterite crystals should transform into calcite and aragonite should not form in 
the system at later stages of the carbonation process. In order to understand the 
possible factor underlying the reaction pathway observed the interaction of 
anhydrite single crystals with 0.05M carbonate solutions, one has to keep in mind 
that according to their solubility difference there is a thermodynamic driving force 
for the transformation of vaterite into aragonite, even it is smaller than that for the 
transformation vaterite into calcite. This driving force can dominate the process if 
the growth of calcite crystals becomes impossible because of the specific 
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physicochemical characteristics of the aqueous solution. This is what happens, for 
example, during calcite growth in the presence of high Mg2+/Ca2+ ratios in the 
aqueous solution, where the calcite growth inhibition effect of this cation can lead 
to the eventual nucleation of aragonite (Astilleros et al., 2010; Fernandez-Díaz et al., 
1996). A main difference between the composition of the aqueous solution at the 
interface depending on its initial concentration of carbonate is the evolution of the 
SO42-/CO32- ratio as the carbonation progresses. As soon as anhydrite dissolution 
starts, this ratio will rapidly become much higher in the case of the 0.05M carbonate 
solution. Vavouraki et al. (2008) conducted in situ AFM observations of the growth 
of calcite in the presence of different SO42- concentrations. These authors found 
that the influence of SO42- ions on calcite growth is very complex and strongly 
depends on its concentration in the aqueous solution. For a given supersaturation 
with respect to calcite, when the concentration of this oxyanion is low, no 
significant differences are observed with respect to the growth of calcite in the 
absence of SO42-. However, an increase in SO42- concentration leads to an 
acceleration of calcite growth, changes in calcite surface nanotopography and an 
increase of the thickness of growth steps. These features are attributed to the 
incorporation of a certain amount of SO42- groups into calcite structure substituting 
CO32- groups, this the formation of a Ca(CO3,SO4) solid solution. This 
interpretation is supported by the higher thickness of growth steps, since the 
tetrahedron-sized SO42- groups are significantly larger than the planar CO32- groups. 
Furthermore, the faster growth rate can be explained by the higher supersaturation 
of the aqueous solution with respect to a sulfate-bearing calcite solid solution 
composition (Astilleros et al., 2003b; Prieto et al., 2007). Finally, Vavouraki et al. 
(2008) observed that a further increase of SO42- concentration in the aqueous 
solution results in an important drop in growth rate and in the change of growth 
edges from parallel to crystallographic directions to curved and then to jagged edges, 
whose development was interpreted as arising from pinning. Furthermore, 
regardless the concentration of SO42- ions in the solution, Vavouraki et al. (2008) 
observed the reproduction of the original nanotopography of calcite surfaces after 
successive growth layers were completed. This phenomenon, which has been 
denominated “template effect” (Astilleros et al., 2003a), is the consequence of the 
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misfit between the new growth layers that incorporate SO42- ions and the underlying 
substrate. The growth of successive layers containing SO42- ions occurs at 
progressively decreasing rate due to the accumulation of interfacial strain energy and 
can eventually result its complete stoppage. The “template effect” is accompanied 
by a change in the growth mechanism from layer growth to surface roughening 
though the formation of an increased number of new nuclei on top of previous 
nuclei.  
The incorporation of a higher amount of SO42- ions into calcite crystals that 
form from aqueous solutions with higher SO42-/CO32- ratios, as would be the case 
during the carbonation of anhydrite in contact with 0.05M carbonate solutions, can 
explain the formation aragonite after the strain energy accumulated prevents further 
growth of the sulfate-bearing calcite crystals. The adsorption of SO42- groups onto 
calcite crystal surfaces could further contribute to their growth stoppage through 
their poisoning, as has widely been described for the case of Mg2+ (Morse and 
MacKenzie, 1990; Morse et al., 2007). Once this situation is reached, the system 
flows an alternative pathway to reduce its free energy, which involves the both, the 
transformation of vaterite into aragonite and the growth of aragonite crystals 
directly from the solution supersaturated with respect to this phase as a result of the 
continued dissolution of anhydrite. The incorporation of SO42- ions into calcite also 
explains morphological changes in calcite morphology, with the development of 
jagged edges (Figures 7.6, 7.7), new curved surfaces (Figure 7.5a) and growth layer 
bunching (Figures 7.6, 7.7). 
The influence of SO42- ions in the polymorphism of CaCO3 is more in depth 
investigated and discussed in Chapter 8. 
7.2.3. Textural characteristics of calcite pseudomorphs after anhydrite 
The concentration of the aqueous solution also has a strong influence in the 
characteristics of the calcite pseudomorph formed after anhydrite. This influence 
mainly regards the scale of pseudomorphism and the amount and distribution of 
porosity generated during the carbonation reaction. Regarding the scale of 
pseudomorphism, although a faithful reproduction of the external morphology is 
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achieved irrespective the carbonate concentration of the aqueous solution, the fine 
details of anhydrite crystal surfaces are much more poorly reproduced when the 
carbonate concentration is low. When the interaction takes place with a more highly 
concentrated solution (0.5M) the nucleation of calcite crystals on anhydrite surface 
takes place immediately due to the very high supersaturation reached with respect to 
this phase as soon as dissolution starts. Furthermore, this very high supersaturation 
determines that the number of calcite nuclei that form is very high. Consequently, 
they grow to form crystals that are small (5 µm). In contrast, when the interaction 
takes place with an aqueous solution that contains a lower carbonate concentration 
(0.05M), a higher volume of the anhydrite crystal has to dissolve before the energy 
barrier for nucleation is overcome. As a result, the finest details of the original 
anhydrite microtopography disappear before the first CaCO3 nuclei form. 
Moreover, due to the lower carbonate concentration in the aqueous solution, the 
supersaturation rate will be lower than in the case of interaction with a 0.5 M 
carbonate solution, leading to nucleation taking place under lower supersaturation 
conditions. The consequence is the formation of a smaller number of nuclei that 
grow to be larger crystals (>20 µm) that reproduce the remaining features of 
anhydrite microtopography less accurately. Finally, the fact that different 
polymorphs form on anhydrite cleavage surfaces when they interact with a 0.05M 
carbonate solution and a sequence of dissolution-crystallization reactions involving 
these polymorphs take place simultaneously to the progress of the carbonation 
reaction can further contribute to the loss of anhydrite surface microtopographic 
details. A similar influence of the carbonate concentration in the aqueous solution 
and the degree of faithfulness of calcite pseudomorphs formed after gypsum was 
reported by Fernández-Díaz et al. (2009). 
Regarding the development of porosity, it has been widely explained in 
previous chapters that the pseudomorphic carbonation of anhydrite is associated to 
a negative molar volume change. The preservation of the external shape of 
anhydrite crystals through the carbonation reaction requires the generation of an 
equivalent volume of porosity. This porosity has a transient character and its 
characteristics evolve along time. The most striking difference in the organization of 
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the porosity generated during anhydrite carbonation in contact with aqueous 
solutions with different carbonate concentrations regards the existence or absence 
of a gap between the carbonate layer and the unreacted anhydrite core. This gap is 
absent when the carbonation reaction takes place in contact with a solution with a 
high carbonate concentration (0.5M) but it is present when the carbonate 
concentration is low (0.05M). A similar gap has been observed to form between the 
hydrothermal alteration of crystalline titanate-based pyrochlore and interpreted as 
(Pöml et al., 2007). The development of a gap between the inward moving surface 
of the primary phase and the product has also been reported to take place during 
the carbonation of gypsum (Fernández-Díaz et al., 2009). In both systems, the 
volume of the gap increases as the reaction progresses. Furthermore, in the case of 
the carbonation of gypsum, considering an equivalent volume of gypsum affected 
by carbonation, this is larger when the reaction takes place in contact with a solution 
with a lower carbonate concentration, similarly, to observed here for the 
carbonation of anhydrite. The origin of this gap has to be interpreted as arising from 
a too large volume reduction during the carbonation reaction as to be compensated 
by microporosity distributed within the carbonate layer. In contact with less 
concentrated carbonate solutions, the volume of the primary phase that has to 
dissolve so that the liquid phase at the interface reaches a supersaturation high 
enough that allows calcite growth to proceed will be larger. Furthermore, this 
volume will progressively increase as the interfacial solution becomes progressively 
depleted of CO32- ions. This explains the observed evolution of both, the observed 
differences between the porosity organization in calcite pseudomorphs formed after 
anhydrite (or gypsum) depending on the carbonate concentration in the aqueous 
solution, and the progressive enlargement of the gap as the carbonation reaction 
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8. PRECIPITATION OF CaCO3 POLYMORPHS FROM AQUEOUS SOLUTIONS: 
THE ROLE OF pH AND SULPHATE GROUPS 
The different characteristics of the reaction pathways followed by the system when 
the carbonation of anhydrite single crystals takes place in contact with aqueous solutions 
that bear different carbonate concentrations (see Chapter 7) points to the evolution of 
the (SO42-)/(CO32-) ratio playing a determining role in defining what CaCO3  polymorph 
forms at different stages of the process. The precipitation experiments presented below 
have been conducted aiming to shed light on this possible influence of (SO42-)/(CO32-)  
on CaCO3 polymorphic selection. 
 
8.1. RESULTS 
8.1.1. Mineralogical evolution of the precipitation during ageing 
The mineralogical evolution of the precipitates during ageing is summarized in 
Table 8.1 and illustrated in Figures 8.1 to 8.4. 
The XRD and FTIR analyses of the precipitates evidence that soon after their 
formation (ageing time = 5 minutes) they mainly consist of vaterite, with calcite present 
as a minor phase. The amount of calcite in the precipitate at 5 minutes reaction 
progressively decreases as the initial (SO42-)/(CO32-) ratio in the aqueous solution 
increases. This is clearly evidenced by the increase in the intensity of the peaks assigned to 
vaterite, and the decrease of those attributed to calcite in the diffraction patterns recorded 
in the samples corresponding to this ageing time (Figure 8.1a). Thus, the amount of 
calcite is significant in A0, where the initial (SO42-)/(CO32-) ratio in the aqueous solution 
is 0, while no calcite is detected in experiment A22, where the initial (SO42-)/(CO32-) ratio 
is 60.0. FTIR spectra show absorbance bands characteristics of vaterite and/or calcite, 
whereas the presence of aragonite is not detected (Figure 8.1b). A very weak band at ~ 
1130 cm-1 (found in the spectrum of precipitates from experiments A5 – A22, but absent 
in that corresponding to the solids formed from sulphate-free solutions, A0) can be 
assigned to sulphate ions incorporated in the structure of vaterite and/or calcite. 
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Figure 8.1. XRD patterns (a) and infrared spectra (b) of precipitates sampled after 5 minutes of reaction in the case 
of experiments A0, A5, A15 and A22, with initial (SO42-)/(CO32-) ratios of 0, 14.0, 41.8 and 60.0, respectively. 
 
Furthermore, the mineralogical composition of the precipitates evolves with ageing 
time, following trends whose characteristics vary depending on the initial (SO42-)/(CO32-) 
ratio in the solution. The composition of precipitates formed in experiments A0 to A5, 
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where the initial (SO42-)/(CO32-) ratio in the aqueous solution varies between 0 and 14.03, 
show a similar evolution trend. This trend is characterized by the progressive decrease of 
the amount of vaterite present in the precipitate as ageing progresses (Figure 8.2). This 
decrease takes place at a slower rate with increasing initial (SO42-)/(CO32-) ratios in the 
aqueous solution, as confirmed by both, XRD (Figure 8.2a) and FTIR spectroscopy 
(Figure 8.2b). Thus, in the absence of SO42- in the solution (A0 in Tables 8.1; 
(SO42-)/(CO32-) = 0), the precipitate exclusively consists of calcite after 3 days of ageing. 
In experiment A3 ((SO42-)/(CO32-) = 8.48), vaterite and calcite are detected after 3 days 
but calcite is the only CaCO3 phase present in the precipitate after 7 days of ageing. In 
contrast, vaterite is still present in the precipitate formed in A5 ((SO42-)/(CO32-) = 14.0) 
after 7 days of ageing (Figure 8.2; Table 8.1) but is undetected in the solid phase 
recovered after 14 days of reaction. This trend is observed in all these three experiments, 
i.e., vaterite can remain for longer ageing periods when the (SO42-)/(CO32-) ratio 
increases. 
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Figure 8.2. XRD patterns (a) and infrared spectra (b) of precipitates sampled from aqueous solutions with low 
(SO42-)/(CO32-) ratios (A0 – A5) as a function of time. 
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A different mineralogical evolution trend is observed in experiments A7 to A20, 
where the initial (SO42-)/(CO32-) ratio in the aqueous solution varies between 19.51 and 
54.87 (Figure 8.3). In this case, the formation of aragonite is also observed during ageing. 
This CaCO3 polymorph appears as a constituent of the precipitate formed after ageing 
times that are shorter as the initial (SO42-)/(CO32-) ratio in the aqueous solution is higher. 
Thus, aragonite is detected in the precipitate formed in A7 and A15 after 7 days of ageing, 
while this phase is found much earlier in the precipitate formed in A20, after only 1 day of 
ageing. This evolution trend is particularly evident in the FTIR spectra, which show weak 
bands at ~ 699 cm-1 and 712 cm-1; and at ~ 855 cm-1, consistent with the positions of the 
4 antisymmetric bending and 2 out-of-plane vibrations of carbonate ion in aragonite, 
respectively. This bands are absent in the precipitates formed after short times of ageing 
(72 h and shorter for A7 and A15, and 10 hours and shorter for A20). It is worthwhile to 
note that after 14 days of ageing these precipitates consist of the three CaCO3 
polymorphs, vaterite, aragonite and calcite, together with gypsum as a minor phase. 
Calcite is still the most abundant phase in A7, whereas vaterite is the most abundant one 
in A15 and A20 (Figure 8.3a). Bands at 1130, 628 and 608 cm-1, particularly evident in the 
precipitate formed in A20 after 2 weeks of ageing can be assigned to sulphate ions 
incorporated into the lattice of the CaCO3 polymorphs. 
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Figure 8.3. XRD patterns (a) and infrared spectra (b) of precipitates sampled from aqueous solutions with a 
(SO42-)/(CO32-) ratios of 19.51 and 54.87 (A7 and A20) as a function of time. 
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Figure 8.4. XRD patterns (a) and IR spectra (b) of precipitates sampled from aqueous solutions with the highest 
(SO42-)/(CO32-) ratio (67.6) (A25) as a function of time. 
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Another mineralogical evolution trend is observed in experiments A22 and A25, 
where the initial (SO42-)/(CO32-) ratio in the aqueous solution is 60.00 and 67.61, 
respectively (Figure 8.4). In both experiments, vaterite is the first and only phase that 
precipitates whereas calcite never does regardless the ageing time. It is also worthwhile to 
note that the formation of aragonite isobserved after 1 day of ageing. After 7 days gypsum 
precipitates and coexists with vaterite and aragonite. 
8.1.2. Characterization of the precipitate and the aqueous solution 
SEM micrographs in Figure 8.5 show that vaterite appears as cauliflower-like 
aggregates (Figures 8.5a-b) or radial aggregates that consist of lens-shaped crystallites 
(Figure 8.5c-d). As is apparent, no significant evolution of vaterite morphology is 
observed as a function of the initial (SO42-)/(CO32-) ratio in the aqueous solution nor the 
ageing time. In contrast, calcite appears as single crystals whose morphology and size are 
highly dependable on both, reaction time and initial (SO42-)/(CO32-) ratio in the solution. 
Thus, in experiment A0, where there is no sulphate in the solution, calcite crystals are 
bounded by flat {104} rhombohedron faces regardless the reaction time and show sizes 
in the 10-25 m range (Figures 8.5a, c, e). In experiments A3 to A7, where the initial 
(SO42-)/(CO32-) ratio varies between 8.5 and 19.5, calcite crystals that form early after the 
mixing of the aqueous solution also show the typical rhombohedron-like shape with flat 
{104} faces (Figure 8.5f). However, their morphology undergoes an evolution as ageing 
progresses. This evolution is characterized by a progressively increasing elongation along 
[001] (Figures 8.5 f-h) as well as the emergence of rough pseudofacets that lead to the 
development of a new form, the more acute {02 1} rhombohedron (see inset in Figure 
8.5h). This evolution seems to be more marked in precipitates A7 and A5 than A3, which 
points to a positive relationship between higher initial (SO42-)/(CO32-) ratio in the 
aqueous solution and more elongated and rougher-faced calcite crystals. Thus, after 14 
days of ageing calcite crystals formed in experiment A3 show a length/width ratio around 
2.4. This ratio is around 3.3 and 3.5 in calcite crystals formed in experiments A5 and A7, 
respectively (Figures 8.5i-j). As mentioned above, calcite crystals are hardly noticeable in 
experiments A15 to A20 and are absent in experiment A22 and A25 regardless the 
reaction time. 
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Figure 8.5. SEM images of precipitates recovered from solutions with different (SO42-)/(CO32-) ratios after 
various elapsed times ranging from 5 minutes to 14 days. Vaterite appears as cauliflower-like aggregates (a-b) 
or lens-shaped crystallites (c-d). When there is no sulphate in the solution, calcite crystals are bounded by flat 
{10 4} rhombohedral faces (a, c, e). In solutions with moderate concentration of sulphate calcite crystal habit 
undergoes an evolution characterized by progressive increase in elongation along [001] (f-j) and the emergence 
of the {02 1} form (see inset in h). Aragonite appears as crystals with the so-called “morning-star” 
morphologies (k). Gypsum crystals exhibit tabular habits with the {010} form as the main face (l). 
 
Aragonite is observed in experiments A7-A25 ((SO42-)/(CO32-)=19.51-67.61). In all 
cases, aragonite appears as crystals bounded by curved prismatic faces. These crystals 
grow on the surface of vaterite aggregates, forming so-called “morning-star” aggregates 
(Figure 8.5k). Finally, gypsum crystals, which are observed in experiments A22 and A25, 
typically exhibit tabular habits with the {010} form as the main face with an accentuated 
elongation along [001] (Figure 8.5l). 
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EDX analyses conducted on vaterite and calcite crystals evidence that they contain 
S in all the cases, except for those vaterite and calcite crystals formed in the absence of 
SO42- (experiment A0) in the aqueous solution. For both, vaterite and calcite, a direct 
correlation between the [S] (% at) and the initial (SO42-)/(CO32-) ratio in the aqueous 
solution is detected (Figure 8.6a). Thus, after 5 minutes reaction a [S] (% at) of 0.91 was 
measured in vaterite aggregates formed in experiment A3, while S/Ca ratio is as high as 
1.54 and 3.23 in vaterite formed in experiments A7 and A25, respectively. A similar trend 
is observed in calcite crystals, whose S/Ca ratio after 5 minutes reaction is 2.81 in 
experiment A3, 4.48 in experiment A5 and 5.76 in experiment A20. It is interesting to 
note that for both, calcite and vaterite, for a given (SO42-)/(CO32-) initial ratio, the highest 
S content is always detected in the precipitates with the shorter ageing (5 minutes 
reaction) and progressively decreases as ageing progresses. This evolution is depicted in 
Figure 8.6b for calcite formed in experiment A5. It is also striking that, regardless the 
initial (SO42-)/(CO32-) ratio and the ageing time, calcite crystals always show higher S 
contents than vaterite aggregates. The small size of aragonite crystals formed in 
experiments A7 to A25 and gypsum crystals formed in experiments A22 and A25 
prevented that EDX analyses could be conducted on them. 
Finally, ICP-OES analyses of the S concentration in the aqueous solution show that 
at 5 minutes reaction, the concentration of S in the aqueous solution is progressively 
lower than the initial aqueous solution as the initial (SO42-)/(CO32-) ratio in the aqueous 
solution increases (Figure 8.7a). Furthermore, the concentration of S in the aqueous 
solution varies with ageing time, following similar trends independently of the initial 
(SO42-)/(CO32-) ratio in the solution (Figure 8.7b). Thus, the concentration of S in the 
aqueous solution is characterized by a rapid drop followed by a progressive increase as 
ageing progresses. 
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Figure 8.6. (a) Concentration of S (% at) in calcite and vaterite sampled after 5 minutes of reaction as a function of 
the initial (SO42-)/(CO32-) ratio. (b) Variation of [S] (% at) with ageing in calcite crystals sampled from aqueous 
solutions with a (SO42-)/(CO32-) ratio of 14.03 (A5). 
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Figure 8.7. (a) Concentration of S (from ICP-OES analyses) in aqueous solutions sampled after 5 minutes of 
reaction as a function of the initial (SO42-)/(CO32-) ratios (dashed lines). The initial concentrations of S in the 
solutions are connected by a solid line. (b) Evolution of the concentration of S (from ICP-OES) of aqueous 
solutions with initial (SO42-)/(CO32-) ratios of 0 (A0), 14.3 (A5), 41.8 (A15) and 67.7 (A25), respectively. 
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8.2. DISCUSSION 
The experimental results described in the previous section (XRD and FTIR 
analyses) show that the mineral composition of the precipitate recovered in each run 
varied as a function of two main factors: the high supersaturation of the parental aqueous 
solution, which controls the phases that are formed at the initial stages of crystallization, 
and the (SO42-)/(CO32-) ratio in the parental solution, which influences the mineral 
evolution of the precipitates during ageing. After the mixing of the reactants, aqueous 
solutions are highly supersaturated with respect to all the crystalline CaCO3 polymorphs 
and spontaneous precipitation takes place. According with the Ostwald step rule (Söhnel 
and Garside, 1992) the formation of the most soluble and disordered phase, is kinetically 
favoured (Sawada, 1997). However, under the conditions used in these experiments the 
precipitation of the amorphous calcium carbonate, the most soluble CaCO3 phase, can be 
discarded since the aqueous solution is always undersaturated with respect to this phase 
(SIACC ≤ -0.1). Therefore, kinetics factors promote the formation of vaterite as the first 
phase that precipitates immediately after the mixing of the parental solutions. After 
vaterite nucleation, the system can further reduce its free energy by the subsequent 
transformation of vaterite into calcite through a solvent mediated transformation 
(Cardew and Davey, 1985). In addition, a reduction of supersaturation resulting from the 
growth of vaterite promotes the nucleation of calcite. Therefore, as the system 
approaches to equilibrium, the most stable CaCO3 phase, calcite, should become the 
prevailing phase at the expense of vaterite. The mineralogical evolution observed in 
experiments with the lower initial (SO42-)/(CO32-) ratios (A0-A5) is in good agreement 
with this expected evolution. Furthermore, it is in good consonance with the precipitate 
mineralogical evolution upon ageing previously observed by, in similar mixing 
experiments conducted in more highly supersaturated systems (SICal  3.7) under higher 
pH (10.9) (Fernández-Díaz et al., 2010). Our current results are further evidence that 
the presence of a high amount of sulphate ions in the aqueous media slows down or even 
inhibits the direct precipitation of calcite and transformation of vaterite into calcite, 
thereby contributing to the stabilization of vaterite with respect to calcite. The prolonged 
existence of vaterite as a major constituent of the precipitate is observed in all the 
experiments. The stabilization of vaterite is more evident the higher the (SO42-)/(CO32-) 
ratio is in the aqueous solutions. Indeed, in experiments A22 and A25, where this ratio is 
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highest, vaterite does not transform into calcite even after 2 weeks of ageing. These 
results are again consistent with those previously reported by Fernández-Díaz et al. 
(2010), who notice that vaterite can remain as a major constituent phase for long ageing 
periods when (SO42-)/(CO32-) ratios are higher than one. The stabilization of vaterite and 
the retardation of calcite crystallization in the presence of sulphate ions can be explained 
by a combination of both thermodynamics and kinetics factors. Computational 
modelling of the substitution of a small amount of carbonate groups by sulphate groups 
in the structures of vaterite and calcite (Arroyo-de Dompablo et al., 2015; 
Fernández-Díaz et al., 2010) showed that vaterite structure is much less disrupted by the 
isomorphic incorporation of AO42- groups, including sulphate, chromate and selenate, 
than calcite structure. In the case of sulphate, the incorporation of this oxyanion results in 
an increment of calcite lattice energy, while it has the opposite effect on the lattice energy 
of vaterite. This different impact of sulphate isomorphic incorporation on the energetics 
of calcite and vaterite structures is especially relevant for the S content range up to 3% 
molar fraction, where it translate into an effective reduction of the energy difference 
between the two calcium carbonate polymorphs. The larger capability of vaterite to 
accommodate sulphate oxyanions in its structure compared to calcite seems to be in 
contradiction with the experimental evidence provided by the EDX analyses of calcite 
and vaterite grains in the precipitates obtained in these experiments. These analyses 
steadily show a higher S content in calcite crystals than in vaterite aggregates formed in 
the same experiment. This is so regardless the initial (SO42-)/(CO32-) ratio and the ageing 
time (see Figure 8.6a). Similar results were reported by Fernández-Díaz et al. (2010) for 
precipitates formed under higher supersaturations and pHs. These authors explain the 
apparent contradiction between experimental results and energy-based expectations 
considering that the higher S contents measured in calcite most likely were the 
consequence of this phase forming later than vaterite. In such a scenario, calcite crystals 
would have grown from a CO32- depleted medium after vaterite nucleation and, 
consequently, in a solution with a (SO42-)/(CO32-) ratio significantly higher than the initial 
one. 
Although the results of computer simulations of sulphate incorporation do not 
predict stability crossovers between vaterite and calcite, the approximation of the lattice 
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energy of both polymorphs can explain the increasingly larger duration of vaterite as 
precipitate component with growing initial sulphate concentration in the solution.  
While the incorporation of impurities from the aqueous solution can change the 
lattice energy of the bulk crystal, surface-related phenomena like impurity adsorption can 
modify the surface chemistry of the different polymorphs, thereby changing their surface 
energies (Navrotsky, 2004). The impact of this phenomenon is particularly relevant in the 
case of small particles, where the surface/volume ratio is very high, and the effect of 
lattice energy in the stability of the different polymorphs is comparatively much less 
important than that of surface energy. A small increase of the surface energy of calcite 
nanoclusters and nanoparticles due to sulphate adsorption could dramatically increase the 
barrier for its nucleation, since such a barrier is proportional to the square of the surface 
energy. Were this to happen, the main outcome would also be a progressively slower 
transformation of vaterite into calcite as the (SO42-)/(CO32-) ratio in the parent aqueous 
solutions increases. Kinetics arguments involving the adsorption of impurities have often 
been invoked to explain the stabilization of vaterite with respect to calcite and the 
retardation of calcite nucleation and growth. Phenomena observed during the 
precipitation of CaCO3 from supersaturated aqueous solution bearing phosphate ions are 
an example (Katsifaras and Spanos, 1999). In this system, the stabilization of vaterite was 
rather attributed to the blocking of active sites for dissolution on the surface of this phase 
due to the adsorption of phosphate ions. A similar phosphate adsorption onto surface 
sites-related explanation was claimed to explain calcite growth inhibition. Indeed, a 
similar reasoning can be applied to explain the observed effect of sulphate ions. Another 
alternative thermodynamic and mechanistic argument has been invoked to explain the 
inhibition of calcite growth by the effect of sulphate ions. In situ AFM experiments of 
calcite growth performed using a fluid cell and flowing supersaturated sulphate-bearing 
aqueous solutions showed that a low concentration of sulphate in the aqueous solution (5 
mM) is enough to decrease the rate of step spread on calcite surface (Vavouraki et al., 
2008). These nanoscale AFM observations supported the interpretation that the trapping 
of sulphate ions by nanometric growing layers resulted in the generation of interfacial 
strain energy. Strain relaxation perpendicular to the growing layer introduces local 
variations in bond lengths, giving rise to local departures from calcite surface ideal 
nanotopography. The direct consequence of this phenomenon is a decrease of the step 
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advancement rate according to the so-called “template effect” model (Astilleros et al., 
2002; Astilleros et al., 2003a; Astilleros et al., 2010), which is more marked the larger the 
amount of sulphate ions trapped within calcite monolayers. 
An interesting result observed in experiments A7 to A25, where the initial 
(SO42-)/(CO32-) ratio in the aqueous solution > 19.51, is the formation of aragonite. It 
takes place through the solvent-mediated transformation of vaterite and can also be 
explained invoking both, thermodynamic and kinetics arguments. For equivalent 
compositions of sulphate in the polymorphs, computer modelling of sulphate 
isomorphic incorporation predicts a significantly larger increment of aragonite lattice 
energy compared to that of both, calcite and vaterite. This result indicates that the 
substitution of carbonate groups by sulphate in aragonite structure is very unfavorable 
(Arroyo-de Dompablo et al., 2015; Fernández-Díaz et al., 2010). As a result, even when 
this polymorph forms from highly supersaturated solutions with very high 
(SO42-)/(CO32-) ratios, it grows relatively sulphate-free compared to calcite. The direct 
consequence is a much more marked impact of the presence of sulphate in the growth 
medium on calcite stability. Indeed, the solubility of a sulphate-bearing calcite can 
overcome that of sulphate-free aragonite, as pointed out by Busenberg and Plummer 
(1985), who reported this to be the case for calcites with sulphate contents above 3 
mole%. Such solubility crossover could explain the observation that, upon ageing of the 
vaterite precipitate, aragonite forms simultaneously to or, even, after the formation of the 
theoretically stable polymorph calcite when the concentration of sulphate in the aqueous 
solution is very high. This is the case in experiments A7 to A20. Unfortunately the small 
size of the aragonite crystals formed in these experiments has prevented to obtain EDX 
analysis evidence that could give full support to our interpretation, although the high 
concentration of sulphate measured in calcite crystals point in this direction (see Figure 
8.6). On the other hand, the fact that sulphate incorporation into aragonite structure is 
very unfavorable, it can be concluded that an inhibitory effect of sulphate ions during the 
growth of aragonite will arguably be less effective than in the case of calcite, and so will be 
a hypothetical “template effect” mechanism. 
Beside the precipitation of CaCO3 polymorphs, gypsum was unequivocally 
detected after 7 days of interaction in the experiments with the highest (SO42-)/(CO32-) 
ratios (A20-A25). The precipitation of this phase is not surprising since the initial 
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solutions are supersaturated with respect to this phase (SIGp0.17-0.25). However, the 
early precipitation of CaCO3 phases after mixing of the parent solutions necessarily 
depletes the solution in Ca2+ (and to a much lesser extent in SO42-), leading to a very 
important reduction of aqueous phase SIGp. Thus, systems initially close to equilibrium 
with respect to gypsum, as is the case of the solution in experiment A15, will become 
undersaturated soon after the precipitation of CaCO3 starts, making the formation of 
gypsum impossible. Those systems initially more highly supersaturated with respect to 
gypsum will either approach equilibrium or significantly less supersaturated, allowing 
gypsum precipitation to be prevented over large periods. 
The presence of sulphate in the aqueous solutions and the ageing not only appears to 
be a critical factor controlling the mineralogy of the recovered precipitates, but it also 
affects the morphology of calcite single crystals. As mentioned in section 8.3.2, after 
short ageing time, calcite single crystals exhibit the typical rhombohedral idiomorphic 
shape (see Figures 8.5a,c,e), which progressively become blockier and elongated parallel 
to the c axis as ageing progresses. This elongation is clearly more pronounced as the 
(SO42-)/(CO32-) ratio in the aqueous solution increases. Since there is a clear correlation 
between the concentration of sulphate in the aqueous solution and the amount of this 
anion that is incorporated into the calcite (and vaterite) structure, directly evidenced by 
EDX (see Figure 8.6a) and supported by ICP analysis (Figure 8.7a), we can conclude that 
the modification of calcite crystal habit is a direct result of the incorporation/sorption of 
this anion. The effect of several ions on calcite habit has been profusely discussed in the 
literature. In particular, the elongation of calcite crystals has been interpreted as resulting 
of a significant lowering of the surface energy of certain faces other than {104} due to a 
preferential sorption of foreign ions on these faces (Titiloye et al., 1993). It has also been 
attributed to a modification of calcite surface nanotopography due to step-specific 
impurity interactions (Davis et al., 2004). These interactions contribute to the 
stabilization of new crystal faces that become prevalent during growth. In the case under 
consideration here, the habit of calcite crystals grown in presence of sulphate, we observe 
the stabilization of the {021} form. The resulting habit strikingly resembles those of 
calcite crystals grown in the presence of small cations such as Mg2+, Co2+ or Mn2+ 
(Fernández-Díaz et al., 2006). 
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Finally, the progressive decrease of S content in both the calcite and vaterite 
precipitates with reaction time (Figure 8.6b), which is in good agreement with a parallel 
progressive increase of sulphate concentration in the aqueous solution (Figure 8.7b), 
points to the precipitate undergoing of recrystallization processes through a 
dissolution-precipitation mechanism. The driving force for this recrystallization process 
could be the reduction of the extra energy associated to an excess of sulphate 
incorporated in calcite and vaterite structures under the influence of the high 
supersaturations dominating the early staged of the precipitation process. The progress 
of this recrystallization process leads to a chemical purification of the precipitates that 
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9. EXPERIMENTOS TIPO BATCH 
 Con el fin de estudiar la evolución fisicoquímica del sistema anhidrita-
disolución carbonatada a lo largo del tiempo y analizar en detalle las fases minerales 
que se forman, se llevaron a cabo experimentos de tipo “batch”. En estos 
experimentos se pusieron en contacto fragmentos recién exfoliados de anhidrita de 
un tamaño de 1.6≤x≤2.0mm con disoluciones que contenían dos concentraciones 
distintas de carbonato, 0.05M y 0.5M, de acuerdo con lo expuesto en el capítulo 4. 
La evolución del sistema se siguió mediante el análisis y estudio de la mineralogía de 
la fase sólida y la concentración de las especies químicas en la fase líquida. A la hora 
de interpretar los datos de composición de la fase líquida y comparar los resultados 
obtenidos en estos experimentos con los correspondientes a los experimentos de 
interacción con monocristal, se tendrá en cuenta que en estos últimos experimentos 
el equilibrio fase líquida-mineral se restringe al volumen de disolución localizado en 
la interfase donde tiene lugar la reacción, mientras que en los experimentos de  tipo 
“batch” el equilibrio se alcanza con respecto a todo el volumen de la disolución.  
 El estudio de la interacción de anhidrita con disoluciones carbonatas se ha 
extendido también al caso del yeso, con la intención de analizar el efecto de la 
presencia de cristales de una fase distinta en el sistema, así como el efecto de la 
dilución de la disolución acuosa que se asocia a la disolución del yeso, al liberar las 
moléculas de agua presentes en su estructura a la fase líquida. 
 
9.1 RESULTADOS 
9.1.1. Evolución de la fase sólida durante la interacción de anhidrita con 
disoluciones de carbonato 
9.1.1.1 Concentración inicial de carbonato 0.05M  
Los difractogramas de las muestras sólidas recuperadas tras la reacción entre 
los cristales de anhidrita y una disolución de carbonato de concentración 0.05M 
durante tiempos progresivamente más largos no muestran ninguna evolución 
mineralógica por lo que se refiere a las fases presentes en el sistema (Figura 9.1). Así, 
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a todos los tiempos considerados, las fases presentes son anhidrita y calcita. Las 
fases vaterita y aragonito no se identifican en ninguno de los difractogramas 
obtenidos. También es significativo que no se observan variaciones importantes en 
la intensidad relativa de las reflexiones correspondientes a anhidrita y calcita. Puesto 
que el tiempo de interacción más corto considerado ha sido de 24 horas, se puede 
concluir que la reacción se ha completado durante ese periodo. 
 




















































Figura 9.1. Difractogramas obtenidos de la muestras sólidas separadas  en los experimentos tipo batch tras la 
interacción de fragmentos de anhidrita con disoluciones de carbonato (0.05M), a distintos tiempos de 
reacción. Las fases presenten son la calcita y la anhidrita. 
 
El análisis de las muestras sólidas obtenidas en los experimentos de interacción 
de anhidrita con una disolución de carbonato de concentración 0.05M mediante 
espectroscopia Raman confirma las conclusiones derivadas del análisis mediante 
difracción de rayos X. Efectivamente, para todos los tiempos considerados, en los 
espectros Raman sólo se identifican bandas que corresponden a los modos 
vibracionales de las fases anhidrita y calcita (Figura 9.2). En el intervalo mostrado 
(250 cm-1 - 900 cm-1), se identifican las siguientes bandas que pueden asignarse a la 
calcita: una banda a 282 cm-1 y a 712 cm-1; la anhidrita a 417 cm-1, 500 cm-1, 610 cm-
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1 y 628 cm-1. Es importante señalar que fuera del intervalo mostrado aparece una 
banda muy intensa a 1085 cm-1, común a calcita y a aragonito. El estudio se centra 
en el intervalo 250 cm-1 - 900 cm-1 por ser suficiente para la distinción de los 
polimorfos. La ausencia de otras bandas correspondientes a la vaterita y al aragonito 
en este intervalo es consistente con los resultados derivados de los difractogramas 
de rayos X y descarta la presencia de dichas fases.  
 









































Figura 9.2. Espectros Raman entre 250 cm-1 y 900 cm-1 obtenidos de las muestras sólidas separadas en los 
experimentos tipo batch, tras la interacción de fragmentos de anhidrita con disoluciones de carbonato 
(0.05M), a distintos tiempos de reacción. Las fases presenten son la calcita y la anhidrita. 
 
Las conclusiones derivadas de los análisis de DRX y espectroscopia Raman 
son confirmadas por las imágenes de SEM de las muestras sólidas, en las cuales, de 
acuerdo con criterios morfológicos, el único polimorfo del CaCO3 que es posible 
identificar es la calcita. Los cristales de calcita muestran el típico hábito 
romboédrico, limitado por la forma {10 4} (Figura 9.3).  
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Figura 9.3. Imágenes de SEM de la superficie de la anhidrita tras hacerla reaccionar con una disolución de 
carbonato 0.05M durante distintos tiempos. En todas las imágenes, el único polimorfo del CaCO3 que se 
observa es la calcita.  
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9.1.1.2 Concentración inicial de carbonato 0.5M 
Los difractogramas de las muestras sólidas recuperadas tras la reacción entre 
los cristales de anhidrita y una disolución de carbonato de concentración 0.5M 
durante tiempos progresivamente más largos muestran una evolución del sistema 
ligeramente distinta de la observada cuando la interacción tiene lugar con la 
disolución de carbonato menos concentrada (0.05M) (Figura 9.4). El primer hecho 
distintivo es que la intensidad de los picos de anhidrita disminuye drásticamente en 
los difractogramas obtenidos a los 4 días y una semana de interacción hasta 
desaparecer por completo en los difractogramas obtenidos a partir de ese momento. 
Por lo que se refiere a las fases del CaCO3, se observa la presencia de calcita a todos 
los tiempos de interacción considerados. Además, la presencia de un pico muy débil 
a 2θ = 26.7° en los difractogramas correspondientes a tiempos de interacción 
inferiores o iguales a una semana apunta a la presencia inicial de vaterita en el 
sistema. 
 






































































Figura 9.4. Difractogramas de las muestras sólidas recuperadas en los experimentos tipo batch de interacción 
de fragmentos de anhidrita con una disolución de carbonato de 0.5M, tras distintos tiempos de reacción. 
Aparecen las fases anhidrita, calcita y vaterita. 
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Los espectros Raman de las muestras sólidas recuperadas de estos 
experimentos se muestran en la Figura 9.5.  El análisis de estos espectros apoya que 
la calcita es la única fase mineral presente en el sistema tras 4 días de interacción con 
la solución carbonatada y que para tiempos más cortos, sólo se puede confirmar la 
presencia de anhidrita y calcita. En el intervalo mostrado (250 cm-1 - 900 cm-1), la 
calcita muestra bandas a 282 cm-1 y a 712 cm-1, mientras que se pueden atribuir a la 
anhidrita a 417 cm-1, 500 cm-1, 610 cm-1 y 628 cm-1. Al igual que ocurría en los 
experimentos realizados con una concentración de carbonato menor, fuera del 
intervalo mostrado aparece una banda muy intensa a 1085 cm-1, común a calcita y a 
aragonito. Aunque tanto vaterita y como aragonito tienen bandas entre 700 cm-1 y 
900 cm-1, en los espectros estudiados no se observa ninguna banda que se pueda 
atribuir a estas fases. 
 








































Figura 9.5. Espectros Raman entre 250 cm-1 y 900 cm-1 obtenidos en de la muestras sólidas recuperadas en los 
experimentos tipo batch de interacción de fragmentos de anhidrita con una disolución de carbonato de 0.5M, 
tras distintos tiempos de reacción. Se observan las fases calcita y anhidrita. 
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Figura 9.6. Imágenes de SEM de la superficie de la anhidrita tras hacerla reaccionar con una disolución de 
carbonato 0.5M durante distintos tiempos. En todas las imágenes, el único polimorfo del CaCO3 que se 
observa es la calcita. Además, tras 7 días de reacción se observa vaterita. 
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El estudio mediante SEM de las muestras sólidas obtenidas en estos 
experimentos confirma la presencia de calcita en el sistema desde los primeros 
momentos de la interacción. En la imagen d de la Figura 9.6, que corresponde a una 
semana de interacción entre los cristales de anhidrita y la disolución carbonatada con 
concentración 0.5M se pueden observar formas globulares que pueden atribuirse a 
la presencia de una pequeña cantidad de vaterita, en consistencia con las 
conclusiones derivadas del análisis de DRX. 
9.1.2. Evolución fisicoquímica de la fase líquida durante la interacción de anhidrita 
son disoluciones carbonatadas 
 El estudio de la evolución fisicoquímica de la fase liquida durante su 
interacción con cristales de anhidrita se ha realizado atendiendo a los cambios que se 
producen en el pH y en las concentraciones de S, Ca y Na. 
9.1.2.1. Evolución del pH 
La evolución del pH durante la interacción de cristales de anhidrita con las dos 
disoluciones carbonatadas consideradas se muestra en la Figura 9.7. Como puede 
observarse, en ambos casos el pH disminuye muy rápidamente al comienzo del 
proceso, pero este descenso se ralentiza según avanza la reacción. El resultado es 
una progresiva reducción de la basicidad de la fase líquida, que en el caso de los 
experimentos en los que la concentración inicial de carbonato es de 0.05M, el pH 
final que se alcanza se aproxima a la neutralidad. Por el contrario, cuando la 
concentración inicial de carbonato es 0.5M el descenso que se observa en el pH de 
la disolución es mucho menor, manteniéndose en valores próximos a 11 una vez 
transcurridas 12 horas desde el inicio de la interacción. Por tanto, cuanto mayor es la 
concentración de carbonato de la que se parte, menos disminuye el pH, y más 
alcalina es la disolución final. 
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Tiempo de reaccion (dias)
Figura 9.7. Evolución del pH a lo largo de la interacción de fragmentos de anhidrita con disoluciones 
carbonatas de concentración 0.05M y 0.5M.  
 
9.1.2.2. Evolución de la concentración de S, Ca, Na en la fase líquida 
Los análisis de ICP-MS de las disoluciones acuosas recuperadas de los 
experimentos de tipo “batch” realizados con cristales de anhidrita aportan 
información sobre la evolución de la concentración de Na, S y Ca en el sistema a lo 
largo del tiempo. Como se puede ver en la figura 9.8, la concentración Na en la fase 
líquida se mantiene constante durante todo el proceso. Por el contrario, la 
concentración de S sufre un aumento rápido durante las etapas iniciales del proceso, 
hasta alcanzar un valor que se mantiene aproximadamente constante tras un tiempo 
de reacción de una semana, cuando la concentración inicial de carbonato en la 
disolución es de 0.5M, y de dos semanas, cuando la concentración inicial de 
carbonato en la disolución es de 0.05M.  
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b
Figura 9.8. Evolución de la concentración de Na, S y Ca (ppm) a lo largo de la interacción de fragmentos de 
anhidrita con disoluciones carbonatas. Concentración inicial de carbonato (a) 0.05M y (b) 0.5M 
 
Es de destacar que el aumento inicial de la concentración S se produce más 
rápidamente y alcanza valores finales mucho más altos cuando la concentración 
inicial de carbonato en la disolución acuosa es mayor, como se puede observar en la 
Figura 9.9.  
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Figura 9.9. Comparación entre la evolución de la concentración de S (ppm) en la fase líquida dependiendo de 
la concentración inicial de carbonato (0.05M y 0.5M) en la disolución acuosa que interacciona con los cristales 
de anhidrita. 
 
Por otra parte, la concentración de Ca en la disolución sigue un comportamiento 
similar al observado para el S, caracterizándose por un aumento inicial rápido hasta 
alcanzar un valor que se mantiene estable tras un tiempo de interacción de una 
semana cuando la concentración inicial de carbonato en la disolución es de 0.5M, y 
de dos semanas, cuando la concentración inicial de carbonato en la disolución es de 
0.05M. De forma inversa a lo que se observa para la evolución de la concentración 
de S, la concentración de Ca en la fase líquida aumenta más rápido y alcanza un 
valor más alto cuando la concentración inicial de carbonato en la disolución es 
menor (Figura 9.10). 
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Figura 9.10. Comparación entre la evolución de la concentración de Ca (ppm) en la fase líquida dependiendo 
de la concentración inicial de carbonato (0.05M y 0.5M) en la disolución acuosa que interacciona con los 
cristales de anhidrita. 
 
9.1.3. Evolución de la fase sólida durante la interacción de yeso con disoluciones de 
carbonato 
9.1.3.1. Concentración inicial de carbonato 0.05M  
Los difractogramas de las muestras sólidas recuperadas de los experimentos de 
interacción entre cristales de yeso y una disolución de carbonato de concentración 
0.05M se muestran en la Figura 9.11. El análisis de estos difractogramas indica que 
el comportamiento de este sistema es muy similar al observado en el caso de la 
interacción de anhidrita. Al igual que ocurría entonces, la fase mineral de partida, en 
este caso, el yeso, se mantiene presente en el sistema a lo largo de toda la 
interacción. Por lo que se refiere a los polimorfos del CaCO3 que se forman en el 
sistema como consecuencia de la interacción, el análisis de DRX sólo indica la 
presencia de calcita. Picos de difracción que pueden atribuirse a esta fase aparecen 
en los difractogramas a partir de un tiempo de interacción de 1 hora. En ninguno de 
los difractogramas se encuentran picos que se puedan asignar a otros polimorfos del 
CaCO3. Aunque en alguno de los difractogramas se ha encontrado algún pico que se 
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puede atribuir a la anhidrita, la presencia de esta fase se interpreta como debida a 
una contaminación. Por tanto, a lo largo de todo el proceso de interacción, de 
acuerdo con los resultados del análisis de difracción de rayos X, las únicas fases 
presentes en el sistema son yeso y calcita.  
 





































Figura 9.11. Difractogramas de las muestras sólidas recuperadas de los experimentos tipo “batch” 
correspondientes a la interacción entre cristales de yeso y una disolución de carbonato de concentración 
0.05M, tras distintos tiempos de reacción. Todos los picos de difracción se pueden atribuir a yeso o calcita, 
con la excepción de algunos picos presentes en los difractogramas correspondientes a la muestra sólida 
recuperada en los experimentos correspondientes a tiempos de interacción más larga. Estos picos se pueden 
atribuir a la fase anhidrita y se interpretan como una contaminación.  
 
Los resultados de los análisis de DRX son confirmados por los espectros 
Raman de las muestras sólidas. Estos espectros, que se muestran en la Figura 9.12, 
confirman a yeso y calcita como las únicas fases minerales presentes en el sistema, 
independientemente del tiempo de interacción considerado. Como se indica en la 
figura 7.12, se atribuyen al yeso las bandas que se localizan a números de onda de 
415 cm-1, 494 cm-1, 628 cm-1 y 671 cm-1. Por otro lado, en la región del espectro 
situada entre 3300 cm-1 and 3600 cm-1 se observan dos bandas anchas que se 
pueden atribuir a las moléculas de agua presentes en la estructura de esta fase 
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mineral. Finalmente, las bandas que aparecen a 282 cm-1 y a 712 cm-1 confirman la 
presencia de calcita. Además, se observa una banda a 752 cm-1 que sería consistente 
con la presencia de vaterita. En ninguno de los espectros que se muestran en la 
Figura 9.12 se observa la presencia de bandas que pudiera confirmar la presencia de 
aragonito en algún momento de la interacción. 
 




































Figura 9.12. Espectros Raman de las muestras sólidas recuperadas de los experimentos tipo “batch” 
correspondientes a la interacción entre cristales de yeso y una disolución de carbonato de concentración 
0.05M, tras distintos tiempos de reacción. Se muestran las regiones del espectro situadas entre 250 cm-1 y 900 
cm-1, y de 3300 cm-1 and 3600 cm-1. Las bandas presentes en estos espectros se pueden atribuir a las fases 
yeso, calcita y vaterita. 
 
La observación mediante SEM de las muestras sólidas correspondientes a 
estos experimentos tipo “batch” indica una evolución de fases presentes en el 
sistema a lo largo del proceso de interacción más compleja que lo que se puede 
concluir a partir del análisis de DRX y de los espectros Raman. Como se puede 
observar en las imágenes que se muestran en la Figura 9.13, la interacción de 
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Figura 9.13. Imágenes de SEM de la superficie de cristales de yeso tras reaccionar con una disolución de 
carbonato 0.05M durante distintos tiempos. En todas las imágenes se puede identificar la presencia de 
cristales de calcita y vaterita. En las imágenes (g), (h) e (i) se observa también la presencia de unos fragmentos 
aciculares que pueden deberse a fragmentos de yeso desprendidos de los cristales tras la agitación mecánica.  
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cristales de yeso con la disolución carbonatada (0.05M) conduce a la formación de 
calcita desde el tiempo de interacción más corto de los considerados. Los cristales 
de calcita muestran su típico hábito limitado por las caras del romboedro {10 4}. Es 
interesante observar que esta morfología va apareciendo peor definida conforme 
avanza la interacción, con la aparición de algunas superficies y aristas curvas los 
cristales de calcita, así como de signos de disolución sobre sus caras de romboedro. 
Junto a los cristales de calcita, desde el tiempo más corto de interacción 
considerado, también se observa la presencia de agregados cristalinos de morfología 
globular. Algunos de estos agregados aparecen huecos. De acuerdo con sus 
características morfológicas, estos agregados se interpretan como vaterita. Esta fase 
estaría presente en el sistema a todos los tiempos de reacción considerados, 
coexistiendo con la calcita, además de con el yeso. A tiempos de interacción 
prolongados (más de 7 días) también se observan unos filamentos en la fase sólida, 
que pueden atribuirse a fragmentos de yeso desprendidos  tras la agitación 
producida durante la reacción. 
9.1.3.2 Concentración inicial de carbonato 0.5M  
Los difractogramas de las muestras sólidas recuperadas de los experimentos de 
interacción entre cristales de yeso y una disolución de carbonato de concentración 
0.05M se muestran en la Figura 9.14. El análisis de estos difractogramas indica que 
el yeso deja de estar presente en el sistema tras 6 horas de interacción con la 
disolución carbonatada (su característico pico a 2θ = 11.72° no aparece en los 
difractogramas a partir de ese tiempo). Además, confirma la presencia de calcita en 
el sistema todos los tiempos de interacción considerados, siendo además la fase 
mayoritaria tras 6 horas de interacción. En los difractogramas no se observa ningún 
pico que pueda ser atribuido al aragonito o a la vaterita.  
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Figura 9.14. Difractogramas de las muestras sólidas recuperadas de los experimentos tipo “batch” 
correspondientes a la interacción entre cristales de yeso y una disolución de carbonato de concentración 
0.5M, tras distintos tiempos de reacción. Todos los picos de difracción se pueden atribuir a yeso o calcita. 
 
El análisis de los espectros Raman de las muestras sólidas obtenidas en estos 
experimentos (Figura 9.15) apoya los resultados de la DRX. En el espectro 
correspondiente a 1 y 3 horas de interacción se encuentran bandas a 415 cm-1, 494 
cm-1, 628 cm-1 y 671 cm-1, además dos bandas anchas en la región entre 3300 cm-1 
and 3600 cm-1. Todas estas bandas se pueden atribuir al yeso, incluidas sus bandas 
de agua. Estas bandas no se encuentran presentes en ninguno de los espectros 
correspondientes a tiempos de interacción más largos, indicando que o bien esta 
fase ya ha desaparecido del sistema o bien es muy minoritaria. En todos los 
espectros correspondientes a tiempos de interacción superiores a 1 hora se 
encuentran dos bandas muy bien definidas a 282 cm-1 y a 712 cm-1. Ambas bandas 
se pueden atribuir a la calcita. En ninguno de los espectros en la Figura 9.15 se 
observa la presencia de otras bandas que pudieran apoyar la formación de algún otro 
polimorfo del CaCO3.    
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Figura 9.15. Espectros Raman de las muestras sólidas recuperadas de los experimentos tipo “batch” 
correspondientes a la interacción entre cristales de yeso y una disolución de carbonato de concentración 
0.5M, tras distintos tiempos de reacción. Se muestran las regiones del espectro situadas entre 250 cm-1 y 900 
cm-1, y entre 3300 cm-1 y 3600 cm-1. Las bandas presentes en estos espectros se pueden atribuir a las fases 
yeso (espectro de 1 y 3 horas) y calcita (espectros desde 3 horas). 
 
También en este caso la observación mediante SEM de las muestras sólidas 
recuperadas de estos experimentos tipo “batch” indica una evolución de las fases 
presentes en el sistema más compleja que la deducida a partir del análisis de DRX y 
de los espectros Raman. Como se muestra en la Figura 9.16, en la que aparecen 
imágenes de SEM de la muestra sólida tras reaccionar los fragmentos de yeso con 
una disolución de carbonato de concentración 0.5M, a todos los tiempos se observa 
la presencia en la muestra sólida de cristales con hábito romboédrico, que se pueden 
interpretar como calcita. Es llamativa la aparición de signos de disolución sobre las 
caras de los cristales de calcita. Por otro lado, en las imágenes correspondientes a 
tiempos de interacción de hasta 5 días (Figura 9.16a-f) se observa la presencia de 
agregados cristalinos globulares junto a la calcita. Estos agregados, que son muy 
abundantes a tiempos de interacción cortos (1 y 3 horas; Figura 9.16 a, b), se pueden 
atribuir a vaterita. Además, en las muestras correspondientes a 1 y 2 semanas de 
interacción (Figura 9.16 g, h), aunque no se observa la presencia de agregados  
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Figura 9.16. Imágenes de SEM de la superficie de cristales de yeso tras reaccionar con una disolución de 
carbonato 0.5M durante distintos tiempos. En todas las imágenes se puede identificar la presencia de cristales 
de calcita. Además, se observa la presencia de agregados cristalinos que se pueden atribuir a vaterita en las 
imágenes (a), b), (c), (d), (e) y (f). En las imágenes (g) y (h) se observa la presencia junto a la calcita de unos 
agregados formados por cristales alargados y de sección pesudohexagonal que se interpretan como aragonito. 
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globulares de vaterita, si se observan agregados formados por cristales alargados en 
disposición fibroso radial. De acuerdo con criterios morfológicos, estos agregados 
se podrían interpretar como correspondientes a aragonito. Tras 1 mes de 
interacción, en la muestra sólida sólo se observa la presencia de cristales de calcita, 
aunque con una morfología en la que se distinguen otras formas además de la de 
romboedro {10 4}. 
9.1.4. Evolución fisicoquímica de la fase líquida durante la interacción de yeso con 
disoluciones carbonatadas.  
9.1.4.1. Evolución del pH 
La evolución del pH durante la interacción de cristales de yeso con las dos 
disoluciones carbonatadas consideradas se muestra en la Figura 7.17. Este 
parámetro sufre una evolución similar a la observada en el caso de la interacción con 
cristales de anhidrita. Así, el pH sufre una rápida caída tras un tiempo de interacción 
corto. Esta caída es mucho más marcada para la disolución con menor 
concentración inicial de carbonato (0.05M), aproximándose su pH a 8 tras sólo 2 
horas de interacción con los cristales de yeso, y manteniéndose aproximadamente 
constante este valor para tiempo de interacción más largos. En el caso de la 
disolución con mayor concentración inicial de carbonato (0.5M), la caída del pH, 
además de menos marcada, es algo más lenta, requiriéndose tiempos de interacción 
más largos hasta que se alcanza un estado estable en el valor del pH, que se 
aproxima a 11. Imagen 9.17. 
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Tiempo de reaccion (horas)
Figura 9.17. Evolución del pH a lo largo de la interacción de cristales de yeso con disoluciones carbonatas de 
concentración 0.05M y 0.5M.  
 
9.1.4.2. Evolución de la concentración de S, Ca, Na en la fase líquida 
La evolución seguida por la concentración de Na, S y Ca a lo largo de la 
interacción entre los cristales de yeso y las disoluciones carbonatadas es similar a la 
observada en el caso de los cristales de anhidrita. Así, en el caso del Na, tal como se 
puede ver en la figura 9.18, la concentración Na en la fase líquida se mantiene 
constante durante todo el proceso.  
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Tiempo de reaccion (horas)
b
Figura 9.18. Evolución de la concentración de Na, S y Ca (ppm) a lo largo de la interacción de cristales de 
yeso con disoluciones carbonatas de concentración 0.05M y 0.5M. Concentración inicial de carbonato (a) 
0.05M y (b) 0.5M. 
 
Al igual que se ha descrito para el caso de la anhidrita, la evolución de la 
concentración de concentración de S se caracteriza por un rápido aumento inicial, 
hasta que se alcanza un estado estable tras un tiempo de interacción de tan sólo 
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unos pocos minutos. En este caso no se observan diferencias significativas en el 
tiempo para el cual se alcanza ese estado estable dependiendo de la concentración 
inicial de carbonato en la disolución, pero el valor de la concentración 
correspondiente a ese estado estable es mucho más alto cuando la interacción se 
produce con la disolución con mayor concentración inicial de carbonato (Figura 
9.19).  
 

























Tiempo de reaccion (horas)
Figura 9.19. Comparación entre la evolución de la concentración de S (ppm) en la fase líquida dependiendo 
de la concentración inicial de carbonato (0.05M y 0.5M) en la disolución acuosa que interacciona con los 
cristales de yeso. 
 
Por lo que se refiere a la evolución de la concentración de Ca, esta es paralela a 
la del S, con un aumento inicial muy rápido, aunque alcanzándose concentraciones 
significativamente menores que las del S, seguido por una situación de estado 
estable. Es de destacar que las concentraciones que corresponden a ese estado 
estable son mucho más altas cuando la interacción de los cristales de yeso tiene lugar 
con la disolución con menor concentración inicial de carbonato (0.05M) (Figura 
9.20), al contrario de lo que se observa para el S (Figura 9.19). 
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Tiempo de reaccion (horas)
Figura 9.20. Comparación entre la evolución de la concentración de Ca (ppm) en la fase líquida dependiendo 
de la concentración inicial de carbonato (0.05M y 0.5M) en la disolución acuosa que interacciona con los 
cristales de yeso. 
 
9.2. DISCUSIÓN 
En todos los experimentos llevados a cabo se detectó la presencia de fase(s) de 
CaCO3 tras los primeros momentos de interacción mineral – fluido. Por otra parte, 
los diferentes análisis químicos realizados en las disoluciones acuosas mostraron una 
reducción del pH y de la concentración de Ca2+ en las disoluciones acuosas 
acompañadas de un aumento progresivo de la concentración de SO42-, a medida que 
trascurre la interacción  mineral – fluido. Todo ello debe interpretarse como el 
resultado de una reacción acoplada de disolución-precipitación que implica la 
disolución de anhidrita y yeso y la precipitación subsiguiente de la fase(s) de CaCO3 




→     𝐶𝑎2+ + 𝑆𝑂4




+ 𝐶𝑎2+(𝑎𝑞) → 𝐶𝑎𝐶𝑂3(𝑠)                                                                       (2) 
9. EXPERIMENTOS TIPO BATCH 
169 
Las reacciones (1) y (2) describen el comportamiento de los sistemas 
estudiados de una manera demasiado general sin atender a sus peculiaridades ni a su 
evolución temporal. Sin embargo, se han observados diferencias significativas en los 
distintos experimentos realizados, que dependen tanto de la concentración inicial de 
Na2CO3 (0.05M y 0.5M) como de la fase mineral utilizada (anhidrita o yeso). 
En los experimentos realizados a baja concentración de Na2CO3 (0.05M) el 
mineral de partida está presente durante todo el proceso (2 meses en el caso de la 
anhidrita y 1 mes en el caso del yeso), ya que éste está en exceso, y el CO32- se agota 
antes que el yeso y la anhidrita. En estos casos, se observan picos de difracción y 
bandas en Raman de las fases anhidrita y yeso en todo momento. Sin embargo, 
cuando la concentración de Na2CO3 es diez veces mayor (0.5M) se observa cómo 
los picos de difracción y las bandas de Raman correspondientes a la anhidrita o al 
yeso desaparecen en todos los difractogramas y espectros obtenidos a partir de 2 
semanas y 6 horas, respectivamente. 
 La ausencia de la anhidrita y del yeso a partir de un tiempo de interacción 
determinado en los experimentos realizados a altas concentraciones de Na2CO3, es 
el resultado de un exceso de CO32- en la disolución acuosa en relación con la fase 
mineral que conduciría a la precipitación de distintas fases de CaCO3 y, como 
consecuencia, un rápido consumo de todo el Ca2+ procedente de la disolución de las 
fase mineral que haría desplazar rápidamente la reacción (1) hacia los productos de 
acuerdo con el principio de Le Châtelier. En esta situación la solución acuosa nunca 
podría llegar a equilibrarse por completo con respecto a las fases primarias yeso o 
anhidrita. Por el contrario, en los experimentos en los que se ha empleando 
concentraciones bajas de Na2CO3 (0.05M) no hay suficiente carbonato que pudiera 
reaccionar con el exceso del ion Ca2+ procedente de la disolución de la anhidrita o el 
yeso. Como consecuencia, el carbonato se consumía por completo y la disolución 
acuosa tendería hacia el equilibrio con respecto a la fase sólida primaria 
correspondiente. Este comportamiento se refleja perfectamente en los análisis de la 
disolución acuosa que muestran, que una vez concluidos los experimentos: a) el pH 
se mantiene siempre muy elevado (11) en los experimentos en los que se 
emplearon altas concentraciones de Na2CO3 (0.5M), lo que implica una elevada 
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concentración de CO32- (exceso) en la disolución acuosa, mientras que el pH 
disminuye considerablemente ( 8) en los experimentos con una baja concentración 
de Na2CO3 de partida (0.05M) (Figuras 9.7 y 9.17), independientemente de la fase 
mineral inicial considerada; b) La concentración del ion Ca2+ es menor en los 
experimentos en los que se emplearon mayores concentraciones de Na2CO3 (0.5M) 
lo que implica que el Ca2+ se ha ido eliminando a medida que interaccionaba con el 
carbonato de la disolución (Figuras 9.10 y 9.20); c) Al contrario de lo que ocurre con 
el Ca2+, la concentración del S es mayor en los experimentos en los que se 
emplearon concentraciones de Na2CO3 más altas (0.5M). Este comportamiento se 
puede explicar si tenemos en cuenta que este elemento apenas se incorpora en la 
fase(s) de CaCO3 que precipitan, por lo que prácticamente todo el azufre contenido 
en las fases primarias pasa directamente a la disolución. Cuando se emplean 
concentraciones de Na2CO3 más bajas (0.05M) la fase primaria no se disuelve en su 
totalidad y, por tanto, la concentración de S en las disoluciones deberán ser 
necesariamente más bajas. (Figuras 9.9 y 9.19). 
Otro aspecto relevante es el hecho de que la cinética de la reacción es más 
lenta cuando la fase primaria que reacciona es anhidrita. Así, se ha observado cómo 
los picos y las bandas correspondientes a la anhidrita desaparecen más lentamente (2 
semanas) que los del yeso (6 horas) en los difractogramas y espectros Raman 
obtenidos en los experimentos en los que se emplearon altas concentraciones de 
Na2CO3. Ello se justifica debido a la mayor reactividad de esta fase en comparación 
con el yeso. Experimentos realizados con fragmentos de yeso y anhidrita han 
demostrado que la anhidrita se disuelve del orden de dos órdenes de magnitud más 
lentamente que el yeso (Jeschke and Draybrot, 2002; Jeschke et al., 2001). Estos 
resultados han sido también corroborados por estudios de microscopia de fuerza 
atómica (AFM) que han confirmado una rápida disolución de las superficies de 
cristales de yeso en comparación con las de la anhidrita (Bosbach et al., 1995; 
Shindo et al., 1996). Como veremos más adelante, las diferencias en la cinética de 
disolución de ambas fases puede explicar también las diferencias observadas en los 
caminos de reacción. Como resultado de la mayor reactividad del yeso, las 
pendientes de las curvas que muestran la evolución tanto del pH como de las 
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concentraciones de Ca y S son mucho más acusadas que en caso de la anhidrita, por 
lo que el factor limitante que condiciona la velocidad del proceso de disolución-
precipitación está claramente controlado por la cinética de disolución de la fase 
primaria considerada. Por otra parte, la concentración inicial de los reactivos juega 
un papel menos relevante que la naturaleza de la fase primaria, si bien, como es de 
esperar, la velocidad de la reacción es ligeramente más rápida en aquellos 
experimentos en los que se emplearon concentraciones de Na2CO3 más altas. 
Un último aspecto que debe discutirse es el de los caminos de reacción 
observados en los distintos experimentos realizados. Los resultados descritos en el 
apartado anterior muestran que la composición mineral de los precipitados 
recuperados en los distintos experimentos y su evolución temporal dependen 
fundamentalmente de la sobresaturación umbral que se alcanza en los distintos 
experimentos (Prieto et al., 1990). Esta sobresaturación umbral depende a su vez de 
tres factores fundamentales: a) la concentración inicial de Na2CO3 empleada, b) la 
reactividad de las fases consideradas y c) la existencia de relaciones estructurales 
entre la fase primaria y los distintos polimorfos de CaCO3 que pueden formarse. En 
líneas generales, una baja concentración de Na2CO3, baja reactividad de la fase 
primaria considerada y la existencia de reacciones estructurales entre las fases 
implicadas va dar lugar a soluciones acuosas poco sobresaturadas con respecto a los 
posibles polimorfos que puedan formarse. Otro factor a considerar y que pueden 
jugar un papel relevante en los caminos de reacción es la relación SO42-/CO32- 
existente en la disolución acuosa. Como veremos, todos estos factores se 
interrelacionan entre sí siendo a veces complicado establecer qué factor o factores 
predominan sobre los otros.  
Los polimorfos formados y los caminos de reacción se recogen en la tabla 9.1). 
En los experimentos de interacción de fragmentos de anhidrita con disoluciones de 
Na2CO3 poco concentradas (0.05M), la sobresaturación umbral alcanzada debe ser 
relativamente baja debido a la lenta cinética de disolución de la anhidrita. Bajo estas 
condiciones, la fase termodinámicamente estable, en este caso la calcita, es la fase 
que más probabilidades tiene de formarse. Además, como se ha discutido en el 
capítulo 5, la existencia de relaciones epitaxiales entre la calcita y la anhidrita 
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facilitaría la formación de esta fase al reducir la barrera energética para la nucleación, 
aun en condiciones de agitación mecánica continuada. En contraposición, la relación 
SO42-/CO32- en el momento de la nucleación sería presumiblemente elevada pero 
posiblemente no lo suficiente como para inhibir la formación de calcita y favorecer 
la precipitación de vaterita, como ocurría en los experimentos de precipitación 
directa (ver capítulo 8). Por otra parte, no es de descartar que en estas condiciones la 
disolución acuosa esté subsaturada con respecto a esta fase, por lo que su 
precipitación estaría termodinámicamente impedida. En los experimentos de 
interacción de la anhidrita con disoluciones más concentradas de Na2CO3, la 
sobresaturación umbral en el momento de nucleación sería algo mayor lo que 
justificaría la precipitación de pequeñas cantidades de vaterita de acuerdo con la 
regla de Ostwald (Shönel and Garside, 1992). La vaterita metaestable se 
transformaría posteriormente a calcita. Resultados similares se han observado en 
experimentos de interacción con monocristal realizados en medios acuosa sin 
agitación mecánica (Roncal-Herrero et al., 2017). El yeso se diferencia de la calcita 
en dos aspectos relevantes. En primer lugar, y tal como hemos visto, su reactividad 
es bastante mayor que la de la anhidrita, lo que facilita que la sobresaturación umbral 
alcanzada por la disolución acuosa en el momento de la nucleación sea más elevada. 
Por otra parte, no existen relaciones estructurales evidentes que puedan justificar el 
crecimiento epitaxial de calcita u otro polimorfo de CaCO3 sobre su superficie. Bajo 
estas condiciones, los caminos de reacción observados son algo complejos y 
diferentes a los observados utilizando fragmentos de anhidrita. Así, partiendo de 
concentraciones bajas de Na2CO3 (0.05M), se observa, además de cristales de calcita, 
pequeños precipitados de vaterita en las imágenes de SEM (y como bandas muy 
débiles en los espectros Raman) que permanecen estables incluso en los 
experimentos de interacción de más larga duración (30 días). La estabilidad de la 
vaterita se vería también favorecida por una elevada relación SO42-/CO32- en la 
disolución acuosa, de manera similar a como se ha discutido en los experimentos de 
precipitación (ver capítulo 8). Por último, en los experimentos de mayor 
concentración de Na2CO3 (0.5M), se observa, además de calcita y vaterita, la 
formación de cristales de aragonito entre 1 y dos semanas de interacción. En esas 
condiciones la concentración de sulfato en la disolución acuosa es muy elevada 
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(todo el yeso se ha disuelto) lo que favorecería la inhibición de la calcita y, por tanto, 
la precipitación de aragonito. 
 
Tabla 9.1. Resumen de los polimorfos formados en las reacciones de carbonatación con concentraciones de 
carbonato 0.05M y 0.5M, y partiendo de yeso y anhidrita. 
 Anhidrita Yeso 
[CO32-]0=0.05M Anh+Cal Gp+Cal+Vtr 













 The carbonation of anhydrite has a topotactic character that implies the epitactic 
nucleation of calcite on the three main cleavage planes of anhydrite, (100), (010) 
and (001). 
 The development of this epitaxy is promoted by the character F of all the 
surfaces involved, the{10 4}surface, in the case of calcite, and the (100), (010) 
and (001) surfaces, in the case of anhydrite. 
 The fact that the directions of parallelism between the structures of calcite and 
anhydrite contained in the planes of epitaxies (< 41>Cal ‖ [100]Anh, [010]Anh, 
[001]Anh; [  010]Cal ‖ <110>Anh, <101>Anh, <011>Anh), not only have similar 
repetition periods, but also coincide with periodic bound chains (PBC) within 
the structures of both phases, also contributes to the development of the 
epitaxy. 
 The goodness of matching through the interface is moderate, which determines 
that the epitactic growth of calcite on the three main cleavage planes of the 
anhydrite takes place through a Volmer-Weber mechanism. 
 This mechanism involves the formation of 3D nuclei of calcite with orientations 
that are related through the symmetry elements of the anhydrite substrate. 
 The growth of these nuclei leads to their coalescence, which results in the 
formation of induced twins by the substrate. 
 As a result of the different orientation of the calcite nuclei, the epitactic layer 
that covers the anhydrite crystals contains a certain volume of microporosity that 
is intrinsic to the Volmer-Weber growth mechanism and that prevents the 
sealing of the surface of the anhydrite by the calcite crystals, allowing the 
progress of the carbonation reaction from the initial moments. 
 The carbonation process rate increases with the carbonate concentration in the 
fluid phase. 
 Regardless of the carbonate concentration of the fluid phase, the carbonation of 
anhydrite in contact with carbonated solutions occurs through dissolution-
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crystallization reactions whose speed is coupled through the interface between 
the primary and secondary phases(s). 
 These dissolution-crystallization reactions lead to the formation of 
pseudomorphs that contain a large volume of porosity generated during 
carbonation and which, by compensating for the negative change in molar 
volume and solubility of the solid phases associated with the reaction, allow it to 
preserve the external shape of anhydrite crystals. 
 The calcite pseudomorphs formed as a consequence of the carbonation of 
anhydrite show a good preservation of the microtopographic characteristics of 
the original surfaces of the anhydrite. 
 This preservation is better when the concentration of carbonate in the fluid 
phase is higher, which is explained as a result of a more perfect coupling of the 
dissolution rates of anhydrite and precipitation of CaCO3 during the carbonation 
process. 
 The characteristics of the porosity generated during the carbonation of anhydrite 
undergo a spatio-temporal evolution. 
 This evolution begins with the development of three well-differentiated regions 
within the replaced layer, according to the characteristics of the porosity they 
contain: The region directly in contact with the carbonated solution has a width 
of less than 100 µm and contains little porosity. The intermediate region is the 
one that occupies most of the carbonated layer and contains porosity organized 
in large channels. Finally, the region closest to the interface with the anhydrite 
nucleus is narrow and contains an organized porosity in small homogeneously 
distributed pores. 
 The evolution of the porosity is the result of a process of “Ostwald ripening” 
during which the channels grow at the expense of small pores. 
 This “Ostwald Ripening” results, ultimately, in the formation of a network of 
channels distributed along three mutually perpendicular directions. 
 In the whole of the channels network, the system constituted by those that are 
oriented along the direction [001] of the anhydrite appears much better 
developed and is the only one identifiable in large regions of the pseudomorphs, 
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which points to a some degree of structural control in the development of 
porosity. 
 The concentration of carbonate in the aqueous solution affects the 
characteristics of the generated porosity, which represents a greater volume of 
the total volume of anhydrite replaced and is concentrated in a gap, located at 
the interface in the primary and secondary phases(s) and whose dimensions 
increase as the carbonation process advances. 
 The concentration of carbonate in the aqueous solution affects the reaction 
pathways followed by the carbonation process, which only involves the 
formation of calcite and trace amounts of vaterite when the carbonate 
concentration is high (0.5M), while it is more complex when the carbonate 
concentration is low (0.05M). 
 In contact with aqueous solutions containing little amount of carbonate, the 
carbonation of anhydrite proceeds, first, through the formation of mixtures of 
calcite and vaterite, which are subsequently replaced by calcite and aragonite, the 
presence of this latter phase being progressively reduced in the carbonated layer 
with the passage of time. 
 Changes in the reaction path during the anhydrite carbonation process are a 
consequence of the evolution of the [SO42-]/[CO32-] ratio in the aqueous 
solution at the interface. 
 Precipitation experiments performed to analyze this influence indicate that high 
ratios inhibit the nucleation and growth of calcite and promote the formation of 
metastable polymorphs, vaterite and aragonite, increasing the amount of 
aragonite and reducing the amount of vaterite during aging of the precipitates. 
 The results of the precipitation experiments suggest that the [SO42-]/[CO32-] 
ratio in the aqueous solution has an influence similar to that of the [Mg2+]/[ 
Ca2+] ratio on the CaCO3 polymorphism. 
 This influence is attributed to the combination of kinetic and thermodynamic 
effects, associated with the different adsorption on the surface and incorporation 
in the structure of the SO42- groups depending on the polymorph. 
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 The results of batch experiments of interaction between carbonated solutions 
and fragments of anhydrite and gypsum crystals show that the reaction paths 






















 La carbonatación de anhidrita tiene un carácter topotáctico que implica la 
nucleación epitaxial de calcita sobre los tres planos de exfoliación principales de 
la anhidrita, (100), (010) y (001).  
 El desarrollo de esta epitaxia está favorecido por el carácter F de todas las 
superficies implicadas, la superficie {10 4}, en el caso de la calcita, y las 
superficies (100), (010) y (001), en el caso de la anhidrita. 
 El hecho de que las direcciones de paralelismo entre las estructuras de calcita y 
anhidrita contenidas en los planos de epitaxias (< 41>Cal ‖ [100]Anh, [010]Anh, 
[001]Anh; [  010]Cal ‖ <110>Anh, <101>Anh, <011>Anh), no sólo tienen periodos de 
repetición similares, sino que coinciden con cadenas de enlace periódico (PBC) 
dentro de las estructuras de ambas fases, también contribuye al desarrollo de la 
epitaxia.  
 La bondad del ajuste a través de la interfase es moderada, lo que determina que 
el crecimiento epitaxial de calcita sobre los tres planos de exfoliación principales 
de la anhidrita se produzca a través de un mecanismo Volmer-Weber.  
 Este mecanismo implica la formación de núcleos 3D de calcita con orientaciones 
que se relacionan a través de los elementos de simetría del sustrato de anhidrita. 
 El crecimiento de estos núcleos conduce a su coalescencia, que tiene como 
resultado la formación de “maclas inducidas por el sustrato.  
 Como consecuencia de la distinta orientación de los núcleos de calcita, la capa 
epitaxial que recubre la anhidrita contiene un cierto volumen de microporosidad 
que es intrínseco al mecanismo de crecimiento Volmer-Weber y que previene el 
sellado de la superficie de la anhidrita por los cristales de calcita, permitiendo el 
progreso de la reacción de carbonatación desde los momentos iniciales de la 
misma. 
 La velocidad del proceso de carbonatación aumenta con la concentración de 
carbonato en la fase fluida. 
 Independientemente de la concentración de carbonato de la fase fluida, la 
carbonatación de anhidrita en contacto con disoluciones carbonatadas se 
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produce a través de reacciones de disolución-cristalización cuya velocidad se 
acoplada a través de la interfase entre las fases primaria y secundaria(s).   
 Estas reacciones de disolución-cristalización conducen a la formación de 
pseudomorfos que contienen un gran volumen de porosidad generado durante la 
carbonatación y que, al compensar el cambio negativo de volumen molar y de 
solubilidad de las fases sólidas asociado a la reacción, permite que se preserve la 
forma externa de los cristales de anhidrita. 
 Los pseudomorfos de calcita formados como consecuencia de la carbonatación 
de anhidrita muestran una buena preservación de las características 
microtopográficas de las superficies originales de la anhidrita. 
 Esta preservación es mejor cuando la concentración de carbonato en la fase 
fluida es más alta, lo que se explica como resultado de un acoplamiento más 
perfecto de las velocidades de disolución de anhidrita y de precipitación de 
CaCO3 durante el proceso de carbonatación. 
 Las características de la porosidad generada durante la carbonatación de 
anhidrita sufren una evolución espaciotemporal. 
 Esta evolución se inicia con el desarrollo de tres regiones bien diferenciadas 
dentro de la capa reemplazada, de acuerdo con las características de la porosidad 
que contienen: La región directamente en contacto con la disolución 
carbonatada tiene una anchura inferior a 100 µm y contiene poca porosidad. La 
región intermedia es la que ocupa la mayor parte de la capa carbonatada y 
contiene porosidad organizada en grandes canales. Finalmente, la región más 
próxima a la interfase con el núcleo de anhidrita es estrecha y contiene una 
porosidad organizada en poros pequeños homogéneamente distribuidos.  
 La evolución de la porosidad es el resultado de un proceso de “Ostwald 
ripening” durante el cual los canales crecen a expensas de los poros pequeños.  
 Este proceso de “Ostwald ripening” resulta, en última instancia, en la formación 
de un entramado de canales distribuidos a lo largo de tres direcciones 
mutuamente perpendiculares.  
 En el conjunto del entramado de canales, el sistema constituido por aquellos que 
se orientan a lo largo de la dirección [001] de la anhidrita aparece mucho mejor 
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desarrollado y es el único identificable en grandes regiones de los pseudomorfos, 
lo que apunta a un cierto grado de control estructural en el desarrollo de la 
porosidad. 
 La concentración de carbonato en la disolución acuosa afecta a las características 
de la porosidad generada, que representa un volumen mayor del total del 
volumen de anhidrita reemplazado y se concentra en un hueco, localizado en la 
interfase en las fases primaria y secundaria(s) y cuyas dimensiones aumentan al 
avanzar el proceso de carbonatación. 
 La concentración de carbonato en la disolución acuosa afecta al camino de 
reacción que sigue el proceso de carbonatación, que sólo involucra la formación 
de calcita y cantidades traza de vaterita cuando la concentración de carbonato es 
alta (0.5M), mientras que es más complejo cuando la concentración de carbonato 
es baja (0.05M). 
 En contacto con disoluciones acuosas que contienen poco carbonato, la 
carbonatación de anhidrita procede, primero, a través de la formación de 
mezclas de calcita y vaterita, que son posteriormente sustituidas por calcita y 
aragonito, reduciéndose progresivamente la presencia de esta última fase en la 
capa carbonatada con el paso del tiempo. 
 Los cambios en el camino de reacción durante el proceso de carbonatación de 
anhidrita son consecuencia de la evolución de la relación [SO42-]/[CO32-] en la 
disolución acuosa en la interfase.   
 Los experimentos de precipitación realizados para analizar esta influencia indican 
que relaciones altas inhiben la nucleación y crecimiento de calcita y promueven 
la formación de los polimorfos metaestables, vaterita y aragonito, 
incrementándose la cantidad de aragonito y reduciéndose la de vaterita durante el 
envejecimiento de los precipitados. 
 Los resultados de los experimentos de precipitación apuntan a que la relación 
[SO42-]/[CO32-] en la disolución acuosa tiene una influencia similar a la de la 
relación [Mg2+]/[ Ca2+] sobre el polimorfismo del CaCO3. 
CONCLUSIONES 
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 Esta influencia se atribuye a la combinación de efectos cinéticos y 
termodinámicos, asociados a la diferente adsorción de sobre la superficie e 
incorporación en la estructura de los grupos SO42- dependiendo el polimorfo.  
 Los resultados de experimentos tipo batch de interacción entre disoluciones 
carbonatadas y fragmentos de cristales de anhidrita y yeso evidencian que los 
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Calcite (CaCO3) epitactic overgrowths onanhydrite (CaSO4) cleavage surfaces
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The mineral replacement of calcium sulfate minerals by
calcium carbonate (product phase is a common
phenomenon in a wide range of Earth’s surface and
subsurface environments and often leads to the formation
of pseudomorphs. The mineral replacement process is
usually triggered by presence of carbonate-rich aqueous
solutions in the system and involves the coupling of
dissolution and crystallization reactions, according to
reaction pathways that mainly depends on the specific
calcium sulfate mineral and the concentration of
carbonate in the aqueous solution. When the calcium
sulfate mineral is anhydrite (CaSO4), the initial stages ofmineral replacement reaction are characterized by the
simultaneous formation of dissolution pits on anhydrite
crystal surfaces and the oriented nucleation of calcite
(CaCO3) crystals on these surfaces. The progress of thecoupled dissolution-crystallization reactions eventually
results in the formation of calcite pseudomorphs after
anhydrite. In this work we investigate the crystallographic
relationships observed during the development of these
reactions between calcite crystals and the three main
anhydrite cleavage surfaces, (100), (010) and (001). In all
the investigated anhydrite cleavage surfaces, calcite
crystals dispose one of their {104} faces in contact and
parallel to the substrate. In the case of anhydrite (100)
surface the better matching occurs with [001]Anh, [011]Anh║ <-441>Cal, <010>Cal. As a consequence, most calcitecrystals show this orientation. However, for a few calcite
crystals the matching occurs so that [010]Anh, [011]Anh ║<-441>Cal, <010>Cal. Although this second matching ischaracterized by a slightly higher misfit, this still is
within the limits required for epitactic nucleation from
solution. On anhydrite (010) surface, calcite crystals are
oriented according to a similar pattern as observed on
(100) surface. Most calcite crystals appear oriented so
that [001]Anh, [101]Anh ║ <-441>Cal, 2 x <010>Cal. Thisorientation provides an excellent matching between the
structures of both phases. However, also in this case a
small number of calcite crystals are oriented with
[100]Anh, [101]Anh ║ <-441>Cal, 2 x <010>Cal. Calcitecrystals grown on anhydrite (001) also shown two main
orientations, with [100]Anh, [110]Anh ║ <-441>Cal,<010>Cal and [100]Anh, [010]Anh ║ [-441]Cal, [48-1]Cal.  
Figure 1. Calcite crystals growing on anhydrite (100) surface.
Calcite crystals dispose one of their {104} faces in contact with
the substrate. Most of calcite crystals are oriented with [001]Anhand [011]Anh parallel to <-441>Cal and <010>Cal.
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Carbonation, pseudomorphism, porosity 
Gypsum (CaSO4·2H2O) and anhydrite (CaSO4) are among the most abundant non-silicates minerals in the 
Earth crust.  Their interaction with carbonate-bearing solutions has led to the formation of large volumes of 
diagenetic carbonate deposits. This process involves the dissolution of the primary sulfates and their 
pseudomorphic transformation into CaCO3 polymorphs. This occurs via a dissolution and repreciptation 
mechanism, yet the resulting carbonate polymorphs are different for each sulfate precursor phase.  We 
have previously shown that reacting 0.5M Na2CO3 solutions with anhydrite leads to the precipitation of 
mostly calcite with traces of vaterite.  However, the same reaction but in the presence of gypsum occurs 
via the sequential formation and transformation of amorphous calcium carbonate (ACC), vaterite and 
calcite (Fernández-Díaz L., 2009). These initial data suggested that such carbonation reactions of gypsum 
and anhydrite result in both cases in the generation of high amounts of porosity, accompanied by wide, 
prominent gaps between the parent sulfate and the product carbonates in the case of the carbonation of 
gypsum. However, a quantitative and time resolved assessment of the reactions was lacking. 
In this work we present the results of an experimental study where we addressed the effect of initial 
aqueous carbonate concentration (0.5, 0.25 and 0.05M Na2CO3) on the carbonation of calcium sulfate 
phases. Our aims were to quantify in a time resolved (over 12 days) manner (i) any changes in reaction 
pathways and (ii) the generation and evolution of porosity during both anhydrite and gypsum carbonation 
reactions.  We have characterized the changes in CaCO3 polymorphs by combining scanning electron 
microscopy (SEM), glancing X-ray diffraction and Raman and Fourier transform infrared spectroscopy 
(FTIR) analyses. The generation and evolution of porosity was quantified over time using mercury 
porosimetry, computed tomography (CT), BET-surface area and nuclear magnetic resonance (NMR).  The 
results reveal that when reacted with low concentration carbonate solutions (0.05M) both gypsum and 
anhydrite transform to mixtures of aragonite and calcite, and not as shown above to mainly calcite. 
Furthermore, the total porosity is inversely proportional to the carbonate concentration. Interestingly, in the 
case of anhydrite this higher porosity includes the development of a gap, similar to that previously 
observed for gypsum.  Regardless of the initial carbonate concentration and for both calcium sulfates, the 
sizes of the newly-formed pores rapidly increase at the beginning of the process, but steadily decrease 
over the 12 days of reaction. These observations indicate that the reactant concentration plays a crucial 
role in the carbonation of gypsum and anhydrite. This factor may have influenced the porosity features of 
many diagenetic limestones and could have important consequences for industrial applications such as oil 
recovery and CO2 sequestration. 
Fernández-Díaz L., Pina C.M., Astilleros J.M., Sánchez-Pastor N. (2009): The carbonatation of gypsum: 
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Las reacciones que dan lugar al 
reemplazamiento de un mineral por 
otro tienen lugar en una amplia 
variedad de ambientes geológicos y se 
producen bajo condiciones 
fisicoquímicas muy diversas. Estas 
reacciones a menudo implican la 
disolución de la fase  mineral original, 
como resultado de su interacción con 
un fluido acuoso, y la precipitación casi 
simultánea de la fase producto 
(transformaciones vía solvente). El 
acople entre la cinética de ambos 
procesos, disolución y precipitación, no 
sólo determina la preservación de 
rasgos microtexturales de la fase 
mineral original (Putnis, 2002; 
Fernández-Díaz  et al, 2009), tanto de la 
superficie como del interior del mismo, 
sino que también, en circunstancias 
favorables, puede conducir a que se 
preserve parcialmente el quimismo de 
la disolución acuosa como 
consecuencia de la incorporación de los 
distintos iones disueltos en la fase o 
fases producto durante su precipitación. 
Este trabajo se enmarca en un proyecto 
más amplio enfocado al estudio 
experimental del reemplazamiento de 
sulfatos minerales, yeso (CaSO4·2H2O) y 
anhidrita (CaSO4), por carbonatos de 
calcio. Debido a la solubilidad 
relativamente elevada de estos dos 
minerales (Ksp,yeso = 10-4,58, Ksp,anhidrita = 
10-4,36) (Parkhurst & Appelo, 1999), las 
rocas que los contienen sufren a 
menudo procesos de carbonatación 
como resultado de su interacción con 
aguas carbonatadas tanto en 
ambientes sedimentarios como 
diagenéticos (Warren, 2016). 
 
El objetivo de este trabajo experimental 
es doble. Por una parte se pretende 
estudiar los caminos de reacción que 
sigue el sistema durante la interacción 
de pequeños fragmentos de yeso y 
anhidrita con disoluciones 
carbonatadas (0,05M y 0,5M de 
Na2CO3), prestando especial atención al 
efecto que tienen sobre estos caminos 
de reacción tanto la fase mineral de 
partida (yeso o anhidrita) como a la 
concentración de los reactivos. También 
pretendemos estudiar la posible 
incorporación de SO42- en la estructura 
de los distintos polimorfos de CaCO3 
(calcita y vaterita) precipitados durante 
el proceso de carbonatación. Este 
aspecto es relevante ya que a lo largo 
de las reacciones de reemplazamiento, 
la relación SO42-/CO32- en los polimorfos 
puede verse modificada, y con ella, la 
solubilidad y estabilidad relativo de 
estos polimorfos, así como las 
condiciones de equilibro del sistema. 




En los experimentos llevados a cabo se 
emplearon fragmentos de yeso y de 
anhidrita, de un tamaño comprendido 
entre 1,6<x<1,0mm, procedentes de 
Teruel y de Naica (México), 
respectivamente. Se prepararon una 
batería de experimentos en los que se 
hicieron reaccionar 0,50g de mineral 
con 25mL de  disoluciones 
carbonatadas (Na2CO3 0,5M y 0,05M), 
en matraces Erlenmeyer de 100mL que 
se mantuvieron cerrados. 
 
Los experimentos se llevaron a cabo a 
temperatura ambiente (22±1ºC) y con 
agitación orbital constante (200rpm). 
Los tiempos de interacción mineral-
disolución acuosa variaron dependiendo 
de la fase mineral de partida. En el caso 
del yeso fueron de 1 hora (h),  3 h, 6 h, 
12 h, 1 día (d), 3 d, 1 semana (s), 2 s y 1 
mes (m); mientras que en los 
experimentos realizados con la 
anhidrita fueron de 1 d, 2 d, 4 d, 1 s, 2 
s, 1 m y 2 m. Cada experimento se llevó 
a cabo por triplicado. 
 
Transcurrido el tiempo de interacción, 
las fases sólidas y acuosas se separaron 
por filtración a vacío. Las disoluciones 
se conservaron refrigeradas en 
recipientes de vidrio y posteriormente 
se analizaron mediante ICP-OES y ICP-
MS con el fin de determinar las 
concentraciones de S, Na, y Ca.  
También se monitorizó la evolución del 
pH de las soluciones. 
 
Las fases sólidas se caracterizaron 
mediante difracción de rayos X (DRX) y 
microRaman, ambas técnicas aplicadas 
sobre muestras en polvo. Por otra parte, 
las características morfológicas y 
texturales de los  fragmentos extraídos 
se observaron  mediante el  
microscopía electrónica de barrido 
(MEB). 
 
RESULTADOS Y DISCUSIÓN 
 
La precipitación de las fases 
Palabras clave: Reemplazamiento mineral, calcita, vaterita, camino 
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Keywords: Mineral replacement, calcite, vaterite, reaction pathways 
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carbonatadas se produjo tras la rápida 
reacción del CO32-(aq) con el Ca2+(aq)  
procedente la disolución del mineral de 
partida, yeso o anhidrita, de acuerdo 
con las siguientes reacciones: 
 
             
  
    
         (1) 
            
  
    
           (2) 
 
Los análisis realizados mediante DRX y 
Raman sobre los fragmentos sólidos 
extraídos en los experimentos  en los 
que se hizo interaccionar yeso con las 
disoluciones carbonatadas menos 
concentradas ([Na2CO3]=0,05M) 
mostraron picos de difracción y bandas 
en los espectros Raman 
correspondientes al yeso, incluso para 
los tiempos de interacción más largos. 
Por otra parte, los difractogramas y 
espectros obtenidos en todos los 
fragmentos analizados mostraron la 
presencia de vaterita, lo que implicaría 
que esta fase se forma en los primeros 
instantes de la reacción y persiste 
durante largos periodos de interacción 
(al menos un mes). Agregados con 
morfologías compatibles con esta fase 
mineral también fueron observados en 
todas las imágenes de MEB. Además de 
vaterita, también se detectó la 
presencia de calcita en todos los 
difractogramas e imágenes de MEB, 
aunque los espectros de Raman 
mostraron la presencia de esta fase 
solo a partir de las 6 h de interacción. 
Por último, el aragonito sólo se observó 
en las imágenes de MEB obtenidas 
sobre muestras extraídas tras periodos 
de interacción relativamente largos (3 d 
o más de interacción) (Figs. 1a y 2a). 
Sin embargo, debido a su escasez, esta 
fase no se detectó en ninguno de los 
espectros ni difractogramas.  
 
En los experimentos de interacción de 
yeso con las disoluciones  más 
concentradas ([Na2CO3]=0,5M), esta 
fase fue detectada únicamente en los 
espectros y difractogramas obtenidos 
tras los tiempos de interacción 
relativamente cortos (3 h o menos), lo 
que indica que la reacción de 
carbonatación se ha completado. Los 
caminos de reacción siguen un patrón 
muy similar al descrito en los 
experimentos llevados a cabo a bajas 
concentraciones: la calcita y vaterita 
aparece desde los primeros momentos 
de la reacción y coexisten a lo largo de 
todo el proceso. La principal diferencia  
radica en la tardía aparición del 
aragonito que solamente se observó en 
las imágenes de MEB obtenidas sobre 
muestras correspondientes a 1 s o más 
de interacción (Fig. 1a). 
 
La cinética de reacción fue algo más 
lenta cuando se emplearon fragmentos 
de  anhidrita, ya que los difractogramas 
indicaron la persistencia de esta fase 
hasta transcurridos al menos 4d desde 
el inicio del experimento cuando la  
interacción se produjo con disoluciones 
carbonatadas muy concentradas, 
[Na2CO3]=0,5M. Sin embargo, en este 
caso los caminos de reacción variaron 
con la concentración de reactivo 
empleada. Así, cuando se utilizaron 
concentraciones de carbonato más 
bajas ([Na2CO3]=0,05M) se detectó la 
presencia de calcita y vaterita  en todas 
las muestras analizadas. Esto, al igual 
que en los experimentos realizados 
utilizando yeso como reactante, implica 
la rápida formación de estas fases y su 
persistencia a lo largo de periodos 
prolongados de tiempo. Sin embargo, en 
este caso la calcita aparece claramente 
como el producto mayoritario de la 
reacción y los cristales de esta fase 
crecen orientados sobre la superficie de 
la anhidrita en evidente relación 
epitaxial. Por otra parte no se detectó la 
presencia de aragonito en ningún 
momento de la reacción, ni en 
difractogramas rayos X ni en los 
espectros Raman. Tampoco se 
observaron cristales cuya morfología 
pudiera ser compatible con esta fase en 
las imágenes de MEB. Por último, la 
interacción de los fragmentos de 
anhidrita con disoluciones altamente 
concentradas ([Na2CO3]=0,5M) dio 
como resultado únicamente la 
formación de cristales de calcita 
orientados epitaxialmente sobre el 
substrato de anhidrita (Figs. 1b y 2b). 
 
La diferencia en los caminos de 
reacción observados puede justificarse 
atendiendo a distintos factores: 
a) La formación de una epitaxia de 
calcita sobre anhidrita tiene como 
consecuencia la reducción de la barrera 
energética para la nucleación, lo que 
favorece la formación de este polimorfo 
de CaCO3 sobre los fragmentos de 
anhidrita, previniendo así la 
cristalización de otros polimorfos 
metaestables. En el caso del yeso, al no 
tener lugar el crecimiento epitaxial de 
ningún polimorfo de CaCO3 sobre su 
superficie, factores probablemente 
 
fig 1. Representación esquemática de los caminos de reacción observados durante la interacción de (a) yeso 
y (b) anhidrita con soluciones de Na2CO3. 
 
   
fig 2. a) Imagen de MEB de una muestra sólida extraída después de un mes de interacción de un fragmento 
de yeso con una solución carbonatada ([Na2CO3]=0,05M). Pueden observarse cristales y agregados de los 
tres polimorfos de CaCO3 (calcita, vaterita y aragonito). b) Cristales romboédricos de calcita crecidos 
epitaxialmente sobre un substrato de anhidrita tras dos días de interacción  con soluciones carbonatadas 
([Na2CO3]=0,5M). 
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cinéticos conducen a la formación de 
vaterita y, en un corto periodo de 
tiempo, también de aragonito. 
 
b) La formación de vaterita puede 
deberse a la alta reactividad de las 
superficies consideradas, que se 
disuelven rápidamente, conduciendo a 
que se alcancen también rápidamente 
altos niveles de sobresaturación y la 
formación de fases metaestables. 
 
c) La relación SO42-/CO32- en las 
disoluciones acuosas tiende a aumentar 
a medida que transcurre el tiempo de 
interacción. Dicho incremento es mucho 
más acusado cuando las disoluciones 
acuosas de partida están mucho menos 
concentradas en CO32-. En estas 
circunstancias, la formación de 
aragonito se ve favorecida debido al 
efecto inhibidor que ejerce el sulfato 
sobre el crecimiento de calcita 
(Fernandez-Díaz et al., 2010). 
 
A partir del análisis de los picos de los 
difractogramas correspondientes a la 
calcita y a la vaterita resulta posible 
extraer conclusiones interesantes. En 
primer lugar, en picos representativos 
de esta fase (Fig. 3) se detecta un 
importante desplazamiento hacia 
valores de espaciado mayores que los 
teóricos, lo que  indica un aumento del 
tamaño de la celda unidad. Este 
incremento de los parámetros de red 
puede deberse a la incorporación de 
SO42- en la estructura de la calcita. Por 
otra parte la posición de los picos 
parece oscilar a lo largo del tiempo. 
Esto se podría explicar como 
consecuencia de procesos de 
reequilibrio que implicarían la 
disolución-recristalización de calcita con 
distintas concentraciones de sulfato en 
su estructura. 
 
fig 3. Detalle de la posición de pico de difracción 
correspondiente al plano (104) de la calcita en el 
precipitado formado tras la interacción de cristales 
de anhidrita con una disolución acuosa de 0,05M 
Na2CO3 durante distintos periodos de tiempo. 
 
En los difractogramas de vaterita (Fig. 
4) los picos aparecen mucho próximos 
a los valores teóricos. Esto podría 
indicar una menor incorporación de 
sulfato en la estructura de esta fase, 
aunque también es posible que la 
estructura de la vaterita se vea mucho 
menos distorsionada por la 
incorporación de dicho grupo aniónico. 
Esta segunda interpretación se ve 
apoyada por los resultados de los 
estudios de modelado computacional 
llevados a cabo por Fernández-Díaz et 
al. (2010) y Arroyo-de Dompablo 
(2015). 
 
fig 4. Detalle de la posición de pico de difracción 
correspondiente al plano (112) de la vaterita en el 
precipitado formado tras la interacción de cristales 
de yeso con una disolución acuosa de 0,05M 
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Carbonation, pseudomorphism, porosity 
Gypsum (CaSO4·2H2O) and anhydrite (CaSO4) are among the most abundant non-silicates minerals in the 
Earth crust.  Their interaction with carbonate-bearing solutions has led to the formation of large volumes of 
diagenetic carbonate deposits. This process involves the dissolution of the primary sulfates and their 
pseudomorphic transformation into CaCO3 polymorphs. This occurs via a dissolution and repreciptation 
mechanism, yet the resulting carbonate polymorphs are different for each sulfate precursor phase.  We 
have previously shown that reacting 0.5M Na2CO3 solutions with anhydrite leads to the precipitation of 
mostly calcite with traces of vaterite.  However, the same reaction but in the presence of gypsum occurs 
via the sequential formation and transformation of amorphous calcium carbonate (ACC), vaterite and 
calcite (Fernández-Díaz L., 2009). These initial data suggested that such carbonation reactions of gypsum 
and anhydrite result in both cases in the generation of high amounts of porosity, accompanied by wide, 
prominent gaps between the parent sulfate and the product carbonates in the case of the carbonation of 
gypsum. However, a quantitative and time resolved assessment of the reactions was lacking. 
In this work we present the results of an experimental study where we addressed the effect of initial 
aqueous carbonate concentration (0.5, 0.25 and 0.05M Na2CO3) on the carbonation of calcium sulfate 
phases. Our aims were to quantify in a time resolved (over 12 days) manner (i) any changes in reaction 
pathways and (ii) the generation and evolution of porosity during both anhydrite and gypsum carbonation 
reactions.  We have characterized the changes in CaCO3 polymorphs by combining scanning electron 
microscopy (SEM), glancing X-ray diffraction and Raman and Fourier transform infrared spectroscopy 
(FTIR) analyses. The generation and evolution of porosity was quantified over time using mercury 
porosimetry, computed tomography (CT), BET-surface area and nuclear magnetic resonance (NMR).  The 
results reveal that when reacted with low concentration carbonate solutions (0.05M) both gypsum and 
anhydrite transform to mixtures of aragonite and calcite, and not as shown above to mainly calcite. 
Furthermore, the total porosity is inversely proportional to the carbonate concentration. Interestingly, in the 
case of anhydrite this higher porosity includes the development of a gap, similar to that previously 
observed for gypsum.  Regardless of the initial carbonate concentration and for both calcium sulfates, the 
sizes of the newly-formed pores rapidly increase at the beginning of the process, but steadily decrease 
over the 12 days of reaction. These observations indicate that the reactant concentration plays a crucial 
role in the carbonation of gypsum and anhydrite. This factor may have influenced the porosity features of 
many diagenetic limestones and could have important consequences for industrial applications such as oil 
recovery and CO2 sequestration.  
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Precipitación de polimorfos de CaCO3 en presencia 
de sulfato.  
Iris Cuesta Mayorga (1, 2*), José Manuel Astilleros García-Monge (1, 2), Lurdes  Fernández 
Díaz (1, 2). 
(1) Departamento de Mineralogía y petrología. Universidad Complutense de Madrid, 28040, Madrid (España). 
(2) Instituto de Geociencias (UCM-CSIC). Calle del Dr. Severo Ochoa, 7, 28040 Madrid (España).  
* corresponding author: iriscuesta@ucm.es 





La precipitación polimórfica del CaCO3 a partir de 
disoluciones acuosas es un problema clave en numerosas 
disciplinas, desde la geología hasta la ingeniería química y 
la biología. La formación de los distintos polimorfos de 
un compuesto en unas condiciones determinadas 
depende de factores termodinámicos y cinéticos. En el 
caso particular del CaCO3, las tres principales fases 
anhidras que pueden cristalizar a temperatura ambiente 
son la calcita (Cal), el aragonito (Arg) y la vaterita (Vtr), 
siendo el Arg estable en condiciones de alta presión, y la 
Vtr metaestable. Aun así, los tres polimorfos pueden 
formarse simultáneamente. Uno de los factores que más 
influyen en la selección polimórfica es la presencia de 
iones extraños en el medio de cristalización. Dicha 
influencia puede tener carácter cinético (inhibiendo la 
formación de una fase y permitiendo que una fase 
alternativa se forme) o termodinámico (incorporándose 
en la estructura de los polimorfos y modificando sus 
energías dando lugar a cruces de estabilidad) (Fernández-
Díaz et al., 2010). Estas sustituciones pueden ser 
isomórficas. Este es caso de la sustitución de grupos 
SO42- en la posición grupos CO32- en las estructuras de 
los distintos polimorfos de CaCO3. Dicha sustitución 
puede modificar la estabilidad relativa de estos 
polimorfos (Fernández-Díaz et al., 2010; Tang et al., 
2012; Wagterveld et al., 2014). 
En trabajos anteriores se ha constatado a través de 
experimentos de carbonatación, de envejecimiento de 
precipitados en condiciones de alta basicidad (pH=10,9) 
que la incorporación SO42- favorece la estabilización de 
la Vtr. Esta influencia del SO42- es especialmente 
relevante dada la abundancia de este oxianión en la 
naturaleza, especialmente en ambientes evaporíticos. 
En este trabajo presentamos los resultados de 
experimentos de envejecimiento de precipitados de 
CaCO3 formados a partir de disoluciones con relaciones 
[SO42-]/[CO32-] entre 0 y 67,6) en condiciones próximas 
a la neutralidad (pH=7,6), las cuales son representativas 
de una mayor variedad de ambientes naturales que las 
condiciones de alta basicidad estudiadas anteriormente. 
El objetivo del trabajo es mejorar nuestra comprensión 




Los precipitados se prepararon por mezcla de 
disoluciones (CaCl2, NaHCO3, y Na2SO4) y se 
mantuvieron en contacto con la fase líquida durante el 
envejecimiento. El volumen de las disoluciones fue de 
100 mL. Todos ellos se llevaron a cabo con agitación y a 
temperatura ambiente (22±1º C). Las concentraciones 










A0 0,05 0,05 --- 0 
A3 0,04 0,05 0,003 8,48 
A5 0,04 0,05 0,005 14,03 
A7 0,04 0,05 0,007 19,51 
A15 0,05 0,05 0,015 41,78 
A20 0,05 0,05 0,020 54,87 
A22 0,05 0,05 0,022 60.00 
A25 0,05 0,05 0,025 67,61 
Tabla 1. Concentraciones de cada reactivo empleadas en los experimentos 
y ratio [SO42-]/[CO32-] calculado a partir de los valores de obtenidos 
mediante la simulación con PhreeqC. 
Se consideraron períodos de envejecimiento de 5 
minutos, 10 horas, 1 día, 3 días, 1 semana y 2 semanas. 
Trascurridos estos tiempos, los precipitados se separaron 
de la fase acuosa por filtración a través de membranas de 
acetato de celulosa (0,45 µm), se secaron en estufa, y se 
caracterizaron por difracción de rayos X (DRX), 
espectroscopia IR (Espectroscopia IR), y espectroscopia 
de rayos X de energía dispersiva (EDS). Las 
características morfológicas de los cristales 
constituyentes de los precipitados de estudiaron 
mediante el  microscopía electrónica de barrido (MEB). 
 
 Macla nº 23. Julio ’18 ǀ revista de la sociedad española de mineralogía                                            http://www.ehu.eus/sem/revista/macla.htm 
RESULTADOS Y DISCUSIÓN 
 
La reacción que resume los procesos que tienen lugar 
durante la precipitación y el envejecimiento de los 
sólidos formados es la siguiente: 
Ca2+ + CO32- + SO42- → Ca(CO3)1-x(SO4)x + CaSO4. 
En el momento de la mezcla de disoluciones, en todos 
los experimentos el sistema está sobresaturado (SI>0) 
con respecto a los tres polimorfos de CaCO3 (Vtr, Cal, 
Arg), y con respecto al yeso (CaSO4·2H2O) (Gp) en los 
experimentos A15-A25. 
La evolución mineralógica de los precipitados a lo largo 
del envejecimiento depende directamente de la relación 
[SO42-]/[CO32-] inicial en la disolución. En todos los 
casos, en las primeras etapas del proceso, el precipitado 
está constituido casi exclusivamente por Vtr. La 
formación de este polimorfo se debe al control cinético, 
debido a la alta sobresaturación. La Vtr se transforma en 
Cal (en los experimentos A0-A5) en el proceso de 
envejecimiento, siendo éste el único polimorfo presente 
tras dos semanas de reacción. Esta transformación se 
retrasa progresivamente al aumentar [SO42-]/[CO32-]. En 
los experimentos A7-A20, una parte de la Vtr se 
transforma en Cal, pero a tiempos largos de 
envejecimiento se observa la precipitación de Arg. Tras 2 
semanas, el precipitado está formado por tres polimorfos 
(Vtr, Cal, Arg), siendo la Cal minoritaria. En los 
experimentos A22, A25 no se observa Cal. Vtr, Arg y 
Gp forman el precipitado tras 2 semanas de reacción. 
La morfología de la Cal evoluciona desde típico hábito 
romboédrico con caras {10 4}, a cristales cada vez más 
alargados según [001] (Figura 1). 
 
 
Figura 1. Cristales alargados de Cal en el experimento A5 tras 2 
semanas de envejecimiento. Los análisis de EDS indican un contenido en 
S de 1,79% at. 
Los análisis de EDS confirman la incorporación de S en 
la Cal y Vtr. La cantidad de S incorporada, aumenta con 
el ratio [SO42-]/[CO32-] inicial presente en la disolución. 
Sin embargo, la pendiente de dichas curvas disminuye al 
aumentar el ratio [SO42-]/[CO32-] inicial (Figura 2). Este 
comportamiento parece indicar que existe un límite para 
la incorporación de grupos SO42- en la estructura de Vtr 
y Cal, incluso cuando ésta está favorecida por encima de 
su valor de equilibrio por el efecto de la alta 
sobresaturación. Los análisis de EDS indican que la 
cantidad de S en la Cal es siempre mayor que el de la Vtr, 
lo que puede estar relacionado con que la Cal precipita 
más tarde que la Vtr, a partir de una disolución con una 
relación [SO42-]/[CO32-] mayor que la inicial. A lo largo 
del proceso de envejecimiento, el contenido de S en la 
Cal y Vtr disminuye progresivamente. 
 























Figura 2. Relación atómica S:Ca en función de [SO42-]/[CO32-] 
inicial. Tanto la Cal (cuadrados negros) como la Vtr (círculos rojos) 
muestran la misma tendencia. Para valores de [SO42-]≤0,005M, la 
tendencia es lineal (líneas discontinuas). Para valores [SO42-]≥0,003M 




Los resultados experimentales muestran cómo la 
presencia de SO42- en el medio de cristalización, y en 
condiciones cercanas a la neutralidad, favorece: 
 La formación de Vtr e inhibe su transformación en 
otros polimorfos. 
 La disolución de la Vtr y su transformación en Arg 
vía disolución-cristalización durante el proceso de 
envejecimiento. 
En las condiciones tratadas en este trabajo, la presencia 
de SO42- ejerce una influencia de carácter termodinámico 
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ABSTRACT: We investigate the crystallographic relationships between
calcite crystals overgrown on the three main anhydrite cleavage surfaces,
(100), (010), and (001), as a result of the interaction between anhydrite
surfaces with carbonate-rich aqueous solutions (0.5 mol/L Na2CO3). Scanning
electron microscope (SEM) images and energy back scattered diﬀraction
(EBSD) analyses reveal that this interaction always leads to oriented
nucleation and growth of calcite crystals, characterized by a parallelism
between the calcite {101̅4} faces and the corresponding anhydrite cleavage
surface. A high density of oriented calcite crystals was observed on the
(001)Anh face, while the calcite crystal density was signiﬁcantly lower on the
(100)Anh and (010)Anh faces. On all investigated anhydrite cleavage surfaces,
calcite {101 ̅4} showed at least two excellent matching orientations, both
deﬁned by the parallelism between ⟨4̅41⟩Cal and one of the three
crystallographic axes of anhydrite. As a result, two diﬀerent populations of calcite crystals coexisted on the same substrate. In
each population four groups of diﬀerently orientated crystals could be distinguished, related by symmetric operators inherent to
the anhydrite substrates. The coalescence of these diﬀerently oriented crystals leads to the formation of twins. The calcite
epitactic overgrowth contains an intrinsic intergranular porosity that makes the passivation of anhydrite crystals very unlikely.
This characteristic together with the negative molar volume change involved in the anhydrite carbonation reaction makes
anhydrite a material suitable to be used in the design of CO2 capture strategies.
■ INTRODUCTION
The increasing concern about climate change eﬀects and the
overwhelming evidence that connect it to a steady increase in
carbon dioxide (CO2) levels in the atmosphere due to human
activities have triggered the search for methods to reduce the
volume of industrial carbon dioxide emissions.1 Some of these
methods are inspired by natural processes, which are
continuously operating on Earth and which over millions of
years have played a major role in regulating atmospheric CO2
levels.1 These processes frequently involve the reaction
between CO2-bearing ﬂuids and mineral components released
during weathering which can lead to long-lasting CO2 removal
and storage through the precipitation of thermodynamically
stable mineral carbonates such as calcite.2 For example, the
eﬃciency of anthropogenic CO2 removal through precipitation
of CaCO3 phases has been demonstrated through the injection
of waters charged with dissolved carbon dioxide of anthro-
pogenic origin into basaltic and peridotitic rocks. Such in situ
ﬁeld tests have yielded promising results regarding both the
kinetics and the eﬃciency of the CO2 removal.
3−5 In a similar
fashion, sedimentary evaporitic rocks that make up the huge
gypsum (CaSO4·2H2O) and anhydrite (CaSO4) deposits
around the world are also highly susceptible for transforming
into carbonate minerals upon interaction with water rich in
dissolved CO2. Such sedimentary deposits have been naturally
carbonated since Precambrian times, leading to the formation
of large volumes of diagenetic limestones in sedimentary
basins.6−9
In all such systems, in the modern context of CO2
sequestration through mineral carbonation, the kinetics of the
prevalent carbonation reaction is a major concern when
assessing the viability and eﬃciency of CO2 removal.
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carbonation commonly involves the nucleation of secondary
CaCO3 phases on the surface of primary minerals and, for the
carbonation reaction to progress, a continuous interaction
between the CO2-bearing ﬂuid phase and the interfaces
between primary and secondary phases is required. The
reaction progress is strongly controlled by the existence of
crystallographic relationships between the original phase and
the carbonated end product. This is so because textural
overgrowth characteristics that develop on the surface of
primary minerals will govern the resulting reaction progress.11
A direct consequence of this is the slowing down of the kinetics
of the reaction. In a recent study we have reported on the
carbonation of anhydrite as a result of its interaction with
carbonate-rich aqueous solution,11 and showed how such
interactions lead to the complete transformation of single
crystals of anhydrite into aggregates of calcite crystals.
It is well-known that the kinetics of anhydrite carbonation is
signiﬁcantly more sluggish than that of gypsum.11,12 This can
partially be explained by the higher reactivity of gypsum
surfaces compared to anhydrite surfaces, but also by the
existence of epitactic relationships between the calcite over-
growth and the anhydrite substrate, which have not been
detected during the carbonation of gypsum under similar
conditions.
We hypothesize that the structural elements that enable the
development of epitactic relationships between anhydrite and
calcite govern the rates and pathways of the carbonation
reactions. To assess this, we present here data on the epitatic
growth of calcite on the three most common faces in the habit
of natural anhydrite crystals: (100), (010), and (001). Our aim
is to determine the following: (a) the structural elements that
enable the development of epitactic relationships between both
phases and (b) the connection between the degree of epitactic
ﬁt and those textural characteristics of the calcite overgrowth. A
quantitative understanding of the structural factors that control
the formation of calcite epitactic overgrowths will enable us to
predictively assess the viability of using the carbonation of
diﬀerent calcium-bearing minerals as a means to sequester and
store carbon dioxide in a more stable phase as it could be
calcite.
1. MATERIALS AND METHODS
We reacted carbonate-rich aqueous solutions with natural, pale blue
anhydrite crystals from Naica (Chihuahua, Mexico). Such crystals were
freshly cleaved parallel to the (100), (010), and (001) faces using a
razor blade prior to each experiment, to obtain fragments with sizes of
approximately 3 × 3 × 1 mm3. In each case, the largest area
corresponded to the surface to be studied. We focused our study in
these three particular surfaces because they are the most frequent ones
in the habit of natural anhydrite crystals13 and cleavage along them is
perfect. The orientation of the sections was determined by observing
the interference ﬁgures in polarized light microscopy.
Individual anhydrite fragments were placed into glass reactors ﬁlled
with 5 mL of a commercial 0.5 mol/L Na2CO3 solution (pH ≈ 11.4;
Fluka) and the reactors were then hermetically sealed. After set
periods of time (between 15 min and 4 days), each anhydrite crystal
was removed from the solutions and washed with Milli-Q water
(resistivity of 18.2 MΩ.cm at 25 °C) to remove any excess salts and
rapidly dried using absorbent paper. All experiments were carried out
in a thermostatic chamber at 25 ± 0.5 °C and atmospheric pressure.
These conditions are within the range of temperatures and pressures
which are relevant for the development of anhydrite carbonation
processes in Nature.
The morphological and textural characteristics of the initial
anhydrite surfaces and of any formed secondary phases resulting
from their interaction with the carbonate-rich solution were imaged
with a scanning electron microscope (SEM; JEOL JSM 6400, 40 kV).
The mineralogy of the formed secondary phases was identiﬁed using
glancing incidence X-ray diﬀraction (GIXRD) (PANalytical X’Pert
PRO MRD equipped with a Cu Kα X-ray source). Diﬀraction patterns,
collected with a 0.5° incidence to minimize the presence of peaks
coming from the bulk of the anhydrite substrate, were matched to ﬁles
from the ICDD-PDF2 database for anhydrite (00−037−1796) and for
the CaCO3 polymorphs calcite (01−071−3699), aragonite (00−001−
0628), and vaterite (00−024−0030). Electron backscatter diﬀraction
(EBSD) analyses provided information on crystallographic relation-
ships between the anhydrite substrate and newly formed phase(s). In
all the analyses, anhydrite fragments were placed directly on the
sample holder without polishing them. EBSD measurements were
conducted by means of a ZEISS (EVO 15 MA) SEM equipped with an
HKL Nordlys detector (Oxford), using a 17 kV accelerating voltage of
the primary beam and a ∼14 mm working distance. The EBSD data
were postprocessed using the Aztec (Oxford Instruments) and
CHANNEL 5 software. The geometry of the beam-sampler-detector
was ﬁxed to a ∼70° tilt. Pole ﬁgures obtained from EBSD maps show
the degree of co-orientation of the overgrown crystals and the
substrate. In all measurements, anhydrite surfaces were oriented prior
to setting them in the sampler holder.
CrystalMaker software14 was used to plot crystal structure
projections and to measure repeating periods along diﬀerent
crystallographic directions as well as angles between directions.
2. RESULTS
SEM micrographs of anhydrite (100), (010), and (001)
surfaces after interaction with a carbonate-bearing aqueous
solution evidence the formation of an overgrowth, which
appears as a more or less continuous layer (Figure 1). The
degree of coverage of the anhydrite surfaces by the overgrowth
increases with time. However, for a given time the degree of
coverage varies and depends on the anhydrite surface. In all
cases the (001) face always showed the highest degree of
coverage. The overgrowths mostly consisted of evenly sized
(3−5 μm), euhedral lozenge-shaped microcrystals (Figure 1).
In some cases, a few sphere-like aggregates could also be
distinguished in the overgrowths formed on anhydrite (010)
and (001) surfaces at early stages of reaction (Figure 1c).
GIXRD analyses showed that calcite was the main overgrowth
component on all anhydrite faces considered, while vaterite was
a very minor constituent on the (001) faces. Moreover,
although minor vaterite was also observed on the anhydrite
(010) surface after a few minutes interaction, this phase was
much less abundant than on (001)Anh and was almost absent on
(100)Anh regardless the time of interaction.
Thus, we can safely assert that the lozenge-like morphologies
correspond to calcite and the sphere-like morphologies
correspond to vaterite.11 According to the angles between
faces and edges measured on the SEM micrographs, the habit
of calcite crystals is always dominated by the {101̅4}
rhombohedron. The calcite crystals grow oriented on the
anhydrite substrate, deﬁning an epitactic relationship regardless
of the orientation of the substrate. Nevertheless, marked
diﬀerences in speciﬁc epitactic relationships between calcite and
the anhydrite (100), (010), and (001) surfaces were observed.
2.1. Calcite Overgrowth on Anhydrite (100) and (010).
The microtopography of anhydrite (100) surfaces is charac-
terized by large and very ﬂat terraces, bounded by macrosteps
that run parallel to the [010] and [001] directions (Figure 1a).
Post reaction with the carbonate-rich aqueous solution, the
anhydrite (100) surfaces developed clear signs of dissolution, in
the form of etch pits along [001] (Figure 1a). The orientation
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and morphology of these etch pits helped us conﬁrm the main
crystallographic directions. In addition, the dissolution of the
surface was accompanied by the growth of new calcite crystals,
which formed preferentially on edges and surface defects of the
anhydrite (Figure 1a). After 15 min of interaction, around a
third of the (100) anhydrite substrate was covered (Figure 1a)
by calcite crystals while after 5 h the substrate was fully
covered.11 Such a homogeneous calcite layer on the anhydrite
(100) surface after 4 days of reaction (Figure 1b) consists of
evenly sized calcite crystals (∼5 μm or larger), whose habit is
bounded by {101̅4} faces. These calcite crystals appear oriented
with respect to the anhydrite substrate in a way that one of the
calcite rhombohedron faces is always in contact with the
anhydrite (100) plane, deﬁning the epitactic relationship
(100)Anh∥{101 ̅4}Cal (Figure 2a). Moreover, in the majority of
these oriented calcite crystals (from here on denoted as Cal1),
one of their ⟨4 ̅41⟩Cal edges (either [4 ̅41]Cal or its symmetry-
equivalent [481 ̅], both resulting from the intersection of the
diﬀerent faces of the {101̅4} form) is oriented parallel to the
[001] direction of the anhydrite substrate. A detailed inspection
of the micrograph in Figure 2a reveals a second, much less
numerous, population of crystals (from here on Cal2), which
are oriented with one of their ⟨4 ̅41⟩ edges parallel to the
[010]Anh. Consequently, both calcite crystal populations (Cal1
and Cal2), are related to each other by a 11.9° rotation about
the axis parallel to [100]Anh.
The preferential orientations of these calcite crystal over-
growths in relation to the (100) anhydrite cleavage surface was
clariﬁed through EBSD analyses (Figure 2b). The pole-
orientation density distribution ﬁgures (Figure 2a) obtained
for the {0001}, {101 ̅4}, and {112 ̅0} are consistent with the
orientation deduced from the SEM photomicrographs for the
larger population of calcite crystals (Cal1). Moreover, EBSD
analysis also showed a 4-fold increase in the number of poles,
indicating the existence of four symmetry related orientations in
Cal1: Cal1a, Cal1b, Cal1c, and Cal1d (Figure 2c). This increase in
the number of poles is the result of the existence of symmetric
operators inherent to the anhydrite structure and normal to the
(100) substrate plane. These are a twofold screw axis, mirror
planes, glide planes, as well as a center of symmetry contained
in this plane. Furthermore, the existence of a slight tilt of the
pole positions with respect to the expected ones was also
noticeable. This is most likely due to a small displacement of
the anhydrite crystal in the sample holder during sample
preparation for EBSD analyses.
The Cal2 crystals were far rarer and thus their pole ﬁgures are
not as clearly recognizable in the EBSD analysis (Figure 2b).
However, the slight dispersion around the pole positions could
reﬂect a slight misorientation of the Cal1 crystals and/or the
presence of this smaller population of Cal2 crystals. This is
particularly because the Cal2 crystals are only slightly rotated
(∼11.9°) with respect to the major Cal1 population. Never-
theless, similarly to the Cal1 crystals, we could deﬁne four
symmetry related orientations for calcite crystals of the Cal2
population: Cal2a, Cal2b, Cal2c, and Cal2d (Figure 2d).
Comparing SEM micrographs of diﬀerent anhydrite surfaces
evidence that (010) surfaces showed similar features to (100)
surfaces (Figure 3a). Both surfaces were dominated by large
and very ﬂat terraces, bounded by macrosteps that ran parallel
to [100] and [001] directions. Moreover, calcite crystals
formed on such surfaces were also bound by {101̅4} faces and
oriented with one of these faces parallel to the anhydrite (010)
substrate ((010)Anh∥{101 ̅4}Cal). Furthermore, a majority of
calcite crystals had a set of their ⟨4 ̅41⟩ edges oriented parallel to
the [001] direction of the anhydrite substrate (Cal3), while a
smaller population had these set of ⟨4̅41⟩ edges parallel to the
[100]Anh (Cal4). Pole-orientation density distributions ﬁgures
obtained by EBSD analyses along the (010)Anh/calcite phase
boundary again revealed similar features to those obtained for
the (100)Anh (Figure 3b). Indeed, the presence of twofold and
Figure 1. SEM images obtained after 15 min (a), 4 days (b), and 30
min (c) of exposure of anhydrite (100) and (001) surfaces to 0.5 M
Na2CO3 solutions. The anhydrite surface is covered by a more or less
discontinuous layer of small calcite crystals speciﬁcally oriented with
respect to the substrate. (a) Etch pit orientation (encircled area)
enables the identiﬁcation of the main crystallographic directions on the
anhydrite surfaces. (c) Some sphere-like aggregates of vaterite can be
distinguished in the overgrowths formed on anhydrite (001) surface
(see white arrows).
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twofold screw axes, mirror and glide planes, as well as a
symmetry center in the anhydrite structure determined the
existence of four statistically equivalent orientations of calcite
crystals with respect to the anhydrite (010) substrate for each
one of the two alternative epitactic relationships deﬁned above.
2.2. Calcite Overgrowth on Anhydrite (001). Anhydrite
(001) surfaces were also characterized by ﬂat terraces, bounded
by macrosteps that ran parallel to the [100] and [010]
directions. Post reaction of these surfaces with the carbonate-
rich solutions revealed signiﬁcantly higher average densities of
calcite crystals than on the anhydrite (100) and (010)
substrates. The anhydrite (001) substrate was almost
completely covered by calcite crystals after 1 h of reaction
with the solution.11 However, at very early stages we observed
the development of deep, dissolution-related grooves on the
anhydrite (001) substrate, which were oriented parallel to
[100] (Figure 4a). This enabled us to deﬁne the main
crystallographic directions on this surface.15 Similarly to our
observations on both the (100) and (010) surfaces, on the
(001) surface calcite crystals with the typical rhombohedron-
like habit, bounded by the six faces of the {101 ̅4} form, are
formed. The calcite crystals were oriented with one of their
rhombohedron faces parallel to the anhydrite (001) substrate
(deﬁning the matching (001)Anh∥{101 ̅4}Cal). Some of these
calcite crystals (Cal5, Figure 4a) are oriented with a set of the
⟨4 ̅41⟩ edges parallel to [100] in the anhydrite substrate. This
deﬁnes the epitactic relationship [100]Anh∥⟨4̅41⟩Cal. However, a
second population of calcite crystals (Cal6) was slightly tilted
(<12°) with respect to those that constitute the Cal5
population. This tilting occurs in such a way that the ⟨4̅41⟩
edges of the calcite run parallel to [010]Anh, deﬁning the
relationship: [010]Anh∥⟨4̅41⟩Cal. On this (001) anhydrite
substrate, the population of Cal5 crystals was signiﬁcantly
larger than that of Cal6 crystals. EBSD analyses of the adjacent
anhydrite and calcite boundaries also yielded similar crystallo-
graphic orientations as those described for the (100) and (010)
anhydrite surfaces (Figure 4b).
Finally, we also observed that the nucleation of calcite
crystals on the anhydrite substrate with such diﬀerent and
symmetry related orientations often lead to the formation of
substrate-induced twins as diﬀerently oriented calcite crystals
grew and eventually coalesced (Figure 5).
3. DISCUSSION
We demonstrated that the density of calcite crystals formed
upon interaction between speciﬁc anhydrite surfaces with
carbonate-rich aqueous solutions was signiﬁcantly higher at
earlier stages of reaction on (001)Anh compared to on (100)Anh
and (010)Anh. This is a consequence of the signiﬁcantly higher
reactivity of the (001)Anh surfaces, which dissolves at a much
faster rate than both (100)Anh and (010)Anh.
16 Consequently,
the rate at which Ca2+ ions were released from an anhydrite
(001) substrate was also faster, resulting in a more rapid
increase of local supersaturation in the vicinity of the (001)Anh-
aqueous solution interface compared to the interface between
the aqueous solution and the other two anhydrite cleavage
Figure 2. (a) SEM image of calcite crystals grown oriented on the (100) surface of an anhydrite cleaved crystal after 2 h of interaction. The epitaxy
involves a matching of the plane (100) of anhydrite with the plane (101 ̅4) of calcite. The encircled crystals show four diﬀerent orientations of calcite
on the anhydrite substrate which are symmetrically related two by two: Cal1-Cal1′ and Cal2-Cal2′ with some of the ⟨4̅41⟩ edges running parallel to
the [001]Anh and [010]Anh, respectively. (b) EBSD pole-orientation density distribution ﬁgures which show the crystallographic orientation
relationships between the (100)Anh and the overgrown calcite crystals: (100)Anh∥(101 ̅4)Cal. The number of poles is four times higher than expected
reﬂecting the four alternative orientations shown by the calcite crystals (c) Four alternative orientations, Cal1a, Cal1b, Cal1c, and Cal1d, can be deduced
from the pole ﬁgures. They reﬂect the symmetry operators inherent to the anhydrite structure that are normal to the (100)Anh substrate. (c) Four
alternative orientations envisaged for the Cal2 population of crystals.
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surfaces, (100) and (010). The nucleation of CaCO3 at higher
supersaturation levels can, in turn, explain both, the formation
of a higher number of calcite nuclei as well as the formation of a
small amount of metastable vaterite at the early stages of the
reaction.11
Unsurprisingly the habit of all calcite crystals that grew on
the three anhydrite surfaces was bounded by the {101 ̅4} form,
that is, the cleavage rhombohedron. This form is the most
stable one among the calcite forms because the four diﬀerent
periodic bond chains (PBCs) contained in a d{101̅4} slide
provide it with a very strong F character.17−19 These PBCs run
parallel to [4 ̅41], [481 ̅], [22̅1], and [010] directions in the
calcite structure.20 The two ﬁrst directions mentioned above are
relatively straight chains of carbonate−calcium−carbonate
bonds, whereas PBCs parallel to the [22 ̅1] and [010] directions
consist of undulating bond chains, also composed by
carbonate−calcium−carbonate bonds (Figure 6).
Although the development of an epitaxy between an
overgrowth and a substrate is not exclusively ruled by
geometrical factors, the existence of geometrical similarities
between the structures of the involved phases is a requirement
for the epitaxy to be possible. These similarities are present in
the structures of anhydrite and calcite, despite the fact that both
phases crystallize in diﬀerent crystal systems (anhydrite: space
group Amma, a = 6.993 Å, b = 6.995 Å, and c = 6.245 Å; calcite:
space group R3 ̅c, a = 4.990 Å, and c = 17.061 Å).21,22 The
Figure 3. (a) SEM image of calcite crystals grown oriented on the
anhydrite (010) surface after 2 h of interaction with the carbonate-rich
aqueous solution. The epitaxy is deﬁned by (100)Anh∥(1014)Cal. The
encircled crystals show the four diﬀerent orientations of calcite crystals
on the anhydrite substrate, which are symmetrically related two by
two: Cal3-Cal3′ and Cal4-Cal4′. (b) EBSD pole-orientation density
distribution ﬁgures. The number of poles is four times higher than
expected, reﬂecting the four alternative orientations shown by the
calcite crystals which constitute the Cal3 population: Cal3a, Cal3b, Cal3c,
and Cal3d.
Figure 4. (a) SEM image of calcite crystals grown speciﬁcally oriented
on the (001) surface of an anhydrite cleavage fragment. The epitaxy
involves the matching of the plane (001) of anhydrite with the plane
(101 ̅4) of calcite. The encircled crystals show alternative orientations
of calcite on the anhydrite substrate. The density of the crystals is
signiﬁcantly higher than observed on (100)Anh and on (010)Anh for the
same interaction time (2 h). (b) Pole-orientation density distribution
ﬁgures obtained using EBDS. The number of poles is four times higher
than expected, reﬂecting the four alternative orientations for the Cal5
population: Cal5a, Cal5b, Cal5c, and Cal5d.
Figure 5. SEM image of substrate-induced calcite twins grown on an
anhydrite (001) surface. This type of twins develops when two
neighboring, diﬀerently oriented calcite crystals (Cal5 and Cal5′)
belonging to the same epitactic population (Cal5) grow to coalesce.
The crystal individuals forming the twin are related one to other
through a reﬂection operator belonging to the anhydrite substrate (see
Figure 3c).
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structures of the {100}Anh, {010}Anh, and {001}Anh surfaces and
the {101̅4} form of calcite are based on chains of alternating
oxyanion polyhedra and [n]-coordinated Ca2+. These chains
link to each other, forming layers. In the anhydrite structure
three sulfate-calcium-sulfate bond chains can be distinguished.23
These PBCs run parallel to the crystallographic axes.
Consequently, they provide an F-character to the three main
anhydrite surfaces since all of them contain two groups of
coplanar PBCs. As a result of these crystallographic similarities,
the formation of a {101 ̅4} layer of calcite on any of the three
anhydrite surfaces does not interrupt the SO4−Ca sequence
and can ideally continue and match the structure of anhydrite.
Indeed, structural continuity “represents the master condition
which has to be respected when two crystalline individuals grow
within the twinning or epitaxial relationships”.24 Moreover,
although the geometries of the sulfate (SO4
2−, tetrahedron) and
carbonate (CO3
2−, triangle) oxyanions are diﬀerent, both are
identically charged and have a similar size, which contributes to
make possible the development of epitatic relationships
between both phases. As a matter of fact, it has been
demonstrated that calcite can incorporate small amounts of
sulfate substituting carbonate in its bulk structure.25−29
Beyond the structural similarities, the formation of the
interface between layers of two diﬀerent phases also requires a
good matching of their lattice planes. The mismatch through
the interface between the lattices of the two phases involved in
the epitaxy can be described by the lattice misﬁt (mf), which is
frequently expressed by means of the equation30
Figure 6. Schematic projection showing the three nonequivalent PBCs
contained in the calcite {101 ̅4} surface. The [221] direction runs
parallel to the short diagonal of the rhombus deﬁned by ⟨4̅41⟩
directions. The [010] direction runs parallel to the long diagonal. Ca2+
cations are depicted by spheres, whereas ball and stick groups
represent CO3
2−.
Figure 7. Projections of the crystal structures of a slice of (a) (200)Anh, (b) (020)Anh, and (c) (002)Anh. The superimposed rhombus depicts the
(101 ̅4) face of the calcite rhombohedron projected in the same orientation as shown in the SEM images. (d) Schematic of the (101 ̅4)Cal surface of
calcite showing the main directions. Ca2+ cations are depicted by spheres, whereas ball and stick groups represent SO4
2− and CO3
2−.
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where t[uvw] is the repeating period along the [uvw] direction of
the substrate (anhydrite) and overgrowth (calcite). Negative
misﬁt values mean that the unit cell of the overgrowth is
contracted along [uvw] in comparison to the unit cell of the
substrate (t[uvw]Cal < t[uvw]Anh), whereas a positive misﬁt value
indicates an expansion of the overgrowth unit cell along the
same direction. If the diﬀerence between the corresponding
lattice constants mf is ≤10% to 12%, the lattice matching results
in the formation of a coherent substrate−overgrowth interface.
This is furthermore, accompanied by the generation of elastic
strain and stress and the formation of an epitaxy.31,32 Figure
7a−d display the projections of the structure of anhydrite on
the (100), (010), and (001) planes and calcite on the (101̅4)
plane. The superimposed lozenges on the anhydrite structure
projections depict a calcite rhombohedron, bounded by ⟨4 ̅41⟩
edges and with one of its (101 ̅4) faces siting on the projected
anhydrite plane. These lozenges are oriented with a pair of their
⟨4 ̅41⟩ edges parallel to a main direction in the anhydrite
projection. This matches our observations from the SEM
images and EBSD analyses results (Figures 2−4).
As explained above, in most of the calcite crystals (Cal1 and
Cal3) the epitactic overgrowth of {101 ̅4}Cal on (100)Anh and
(010)Anh was controlled by the parallelism between the ⟨4 ̅41⟩Cal
and [001]Anh. For anhydrite, the distance between successive
SO4 groups along [001] is 6.245 Å, i.e., it coincides with the
anhydrite c cell parameter. In the calcite structure, the distance
between successive equivalent CO3 groups (repeating period)
is 12.850 Å, which is about twice the distance between
successive SO4 groups along [001]Anh (2 × 6.245 Å = 12.49 Å).
Similar repeating periods guarantee a good matching between
the two structures. Considering a 1:2 ratio between the
repeating periods along [001]Anh and ⟨4̅41⟩Cal, the misﬁt is
2.88% (Table 1), which clearly lies within the limits required
for epitactic nucleation from solution.31 Thus, our data show
that the excellent matching between both surfaces along these
directions explains the development of an oriented overgrowth
of calcite on both (100)Anh and (010)Anh surfaces. One
additional pair of directions within these contact planes can
also be deﬁned in both anhydrite surfaces, ⟨011⟩Anh∥[010]Cal
and ⟨101⟩Anh∥[010]Cal. These pairs show relatively good
matching with linear misﬁt close to 6.4% (see Table 1).
However, an angular divergence between both directions of
∼9.20° does not support the possibility that matching along
these directions contribute to the development of the epitaxies.
As we have shown in the SEM images (Figures 2a and 3a),
there was a secondary, much less numerous population of
calcite crystals, which included two crystal populations (Cal2
and Cal4), with one of their ⟨4 ̅41⟩Cal aligned parallel to the
[010] and [100] directions of the (100)Anh and (010)Anh
surfaces, respectively. Since the a and b axes in the anhydrite
structure are almost identical in length (b − a = 0.002 Å), the
linear misﬁts between the calcite and anhydrite structures along
both of these directions are also very similar to ∼8% for both
the [010]Anh∥⟨4 ̅41⟩Cal and the [100]Anh∥⟨4 ̅41⟩Cal alignments. It
was also possible to deﬁne a second pair of alignments, with
⟨011⟩Anh∥[010]Cal (Cal2) and ⟨101⟩Anh∥[010]Cal (Cal4), which
were identical to those described for Cal1 and Cal3, although
with a lower angular divergence (∼2.7°). Although the matches
described for Cal2 and Cal4 were not as good as those
calculated for the Cal1 and Cal3 populations, they nevertheless
still guarantee the development of an epitactic overgrowth of so
oriented calcite crystals on the (100)Anh and (010)Anh surfaces.
The good match between the two pair of directions in this
second orientation explains, therefore, the development of two
nonsymmetrically related populations of calcite crystals rotated
by ∼12° with respect to each other. On anhydrite {001}
surfaces we have suggested a match between [100]Anh∥⟨4 ̅41⟩Cal
and ⟨110⟩Anh∥[010]Cal for Cal5, and [010]Anh∥⟨4 ̅41⟩Cal and
⟨110⟩Anh∥ [010]Cal for Cal6 with a slightly better misﬁts for Cal5
than Cal6 (see Table 1). This higher ﬁtting goodness explains
the much larger population of Cal5 crystals.
It is possible to evaluate epitaxy relationship solely on the
basis of structural similarities and misﬁt values. However, as
stated by the PBC theory, a minimum interface energy is
achieved when, apart from a matching of parallel planes of the
substrate and the overgrowth, there is a coincidence between
the close-packed atomic rows (deﬁned by the PBCs) contained
in these planes.31 In all the epitactic relationships deﬁned
above, the better match involves crystallographic directions
parallel to PBCs in both calcite and anhydrite. This factor
further favors the development of the oriented overgrowth.
Indeed, other alternative epitactic relationships with low misﬁts
Table 1. Epitactic Relationships between Anhydrite (CaSO4) and Calcite (CaCO3)
anhydrite (CaSO4) Calcite (CaCO3) misﬁt (%)
contact plane parameter (Å) contact plane parameter (Å) calcite population linear angular
(100) 2 × [001] = 12.490 (101 ̅4) ⟨4̅41⟩ = 12.850 1 2.88 −
⟨011⟩ = 4.689 [010] = 4.990 6.42 ∼9.20°
2 × [010] = 13.990 ⟨4̅41⟩ = 12.850 2 −8.14 −
⟨011⟩ = 4.689 [010] = 4.990 6.42 ∼2.70°
(010) 2 × [001] = 12.490 (101 ̅4) ⟨4̅41⟩ = 12.850 3 2.88 −
⟨101⟩ = 9.376 2 × [010] = 9.980 6.44 ∼9.20°
2 × [100] = 13.986 ⟨4̅41⟩ = 12.850 4 −8.12 −
⟨101⟩ = 9.376 2 × [010] = 9.980 6.44 ∼2.70°
(001) 2 × [100] = 13.986 (101 ̅4) ⟨4̅41⟩ = 12.850 5 −8.12 −
⟨110⟩ = 9.891 2 × [010] = 9.980 0.90 ∼5.50°
2 × [010] = 13.990 ⟨4̅41⟩ = 12.850 6 −8.14 −
⟨110⟩ = 9.891 2 × [010] = 9.980 0.90 ∼5.50°
⟨110⟩ = 9.891 2 × [010] = 9.980 7 0.90 −
2 × [100] = 13.986 ⟨4̅41⟩ = 12.850 −8.12 ∼5.50°
2 × [010] = 13.990 ⟨4̅41⟩ = 12.850 −8.14 ∼5.50°
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values can be envisaged. For instance, the [110]Anh∥⟨010⟩Cal
alignment on (001)Anh exhibits an excellent match with a linear
misﬁt of 0.90%. However, such an epitaxy is in principle
energetically unfavorable with respect to the epitaxies deﬁned
above, since the [110]Anh is not parallel to any PBC in the
anhydrite structure. Furthermore, although the [010]Cal
direction corresponds to a PBC, this is a rough, high-energy,
and thus less favorable PBC.19 In Figure 7c, some crystals could
be oriented following this orientation (Cal7), although this is
not clearly supported by SEM observations and EBSD analyses
(Table 1).
The existence of epitactic relationships between anhydrite
surfaces and calcite overgrowths can inﬂuence the kinetics of
the carbonation reaction. It has been shown that under certain
conditions the development of epitactic overgrowths can lead
to surface passivation33 and, as a result, to a slowdown or even
full inhibition of any further dissolution−precipitation after the
formation of a thin overgrowth. Such overgrowths are often
only nanometer-thin, as in the cases of the epitactic
overgrowths of otavite (CdCO3) and rhodochrosite
(MnCO3) on a calcite {1014} substrate or of hashemite
(BaCrO4) on a barite (BaSO4) (001) substrates.
32,34−37
Overgrowths can result from the development of two-
dimensional, yet only a few nanometers high, nuclei. These
spread rapidly on a substrate and coalesce according to a
Frank−van der Merwe or Stranski−Krastanov epitactic growth
mechanisms.32−34 Depending on the goodness of the lattice
misﬁt this commonly involves isostructural phases, which
belong to the same mineral group. The formation of this type
of overgrowths leads to the almost perfect preservation of the
nanotopography of the surface of a substrate.38,39 A second type
of epitactic overgrowth involves the formation on a dissolving
substrate of three-dimensional crystals, according to a Volmer−
Weber growth mechanism. Commonly, the formation of 3-D
crystals takes place when the primary and the secondary phases
are non-isostructural but share some structural features and the
matching through certain interfaces is good. In this case, even if
the overgrowth completely carpets the substrate (like in the
case of our calcite crystals growing on the anhydrite surfaces),
the armoring is usually imperfect. The existence of hollows, left
between diﬀerently oriented crystals in the overgrowth, allows a
continuous communication between the aqueous solution and
the substrate. This way, the progress of the dissolution−
crystallization reaction is guaranteed, even if its kinetics is
slowed down. Excellent examples of this type of epitaxy are the
oriented growth of pharmacolite (CaHAsO4·2H2O) on gypsum
and of anglesite (PbSO4) on anhydrite.
40,41 In the latter case, it
was demonstrated that the formation of the overgrowth did not
prevent the dissolution−precipitation reaction progressing until
the complete replacement of anhydrite by anglesite.42
The anhydrite−calcite epitaxy described here clearly ﬁts in
this latter category. The coalescence of micrometer-sized blocky
calcite crystals that are diﬀerently oriented on the anhydrite
substrates will necessarily lead to the formation of a porous
overgrowth. This will, nevertheless, fail to perfectly seal the
substrate. The eﬀect of this imperfect sealing is further
enhanced by the fact that the replacement of anhydrite by
calcite leads to a negative volume change, further contributing
to an increase in the porosity of the overgrown calcite layer and
explaining that anhydrite crystals in contact with carbonate-
bearing solutions can become completely replaced by
aggregates of calcite crystals in relatively short times (∼15
days under the experimental conditions used in this work).11
It is worth highlighting that the existence of two or more
equiprobable orientations of the calcite crystals on the
anhydrite substrates leads to the development of so-called
substrate-induced twinning.43 The formation of such twins
(Figure 5) is a consequence of the coalescence of individuals
that are diﬀerently oriented with respect to the substrate, but
whose orientations are related to each other by symmetry
operators inherent to the substrate structure.42,43 The twin law
is, therefore, determined by the substrate symmetry. For
instance, in the anhydrite−calcite epitaxy in this current study,
individual crystal a can be related with individual crystal d
through a center of symmetry which acts as a twin center
(Figure 2c). The formation of substrate-induced twins is a
general phenomenon, which has so far been reported to occur
during pseudomorphic mineral replacement processes through
interface coupled dissolution−crystallization reactions.42,43
4. CONCLUSIONS
We evidence here that the epitactic growth of a calcite
overgrowth on the three main anhydrite cleavage surfaces,
(100), (010), and (001), as a result of their interaction with
carbonate-rich aqueous solutions is in all the cases facilitated by
(1) the continuity of the anhydrite structure after the
deposition of calcite nuclei regardless of substrate type, (2)
the goodness of anhydrite-calcite matching through the
interface, and (3) the F-character of the anhydrite and calcite
surfaces, which guarantees that all crystallographic directions
along which both structures show good matchings corresponds
to PBCs. Furthermore, we can conclude that moderate
goodness of some of the matches deﬁned explain the epitactic
growth of calcite on the three anhydrite substrates through a
Volmer−Weber mechanism.
Calcite overgrowth consists of micrometric calcite crystals
oriented in a number of diﬀerent ways that produces a certain
volume of intergranular porosity within the overgrowth, deﬁned
in the contact between diﬀerently oriented crystals. This
porosity is the consequence of the imperfect assembly between
diﬀerently oriented rhombohedron-like calcite crystals and is
independent of that which will result from the molar volume
change involved in the mineral carbonation reaction.
Consequently, we can anticipate that, regardless of the molar
volume change, mineral carbonation reactions which progress
through the formation of micrometer-sized and nonevenly
oriented epitactic overgrown crystals are likely to slow down
the carbonation due to the progressive thickening of the
overgrowth. However, the intrinsic intergranular porosity of
this epitactic overgrowth makes unlikely that the transformation
will be completely stopped by the overgrowth development.
This situation is to be expected when (1) the epitactic
overgrowth involves two nonisostructural phases, whose
matching through the interface has a moderate goodness, and
(2) the primary mineral phase contains symmetry operators
normal to the primary-secondary phases interface.
So far, most experimental works were oriented to evaluate
the viability of sequestering CO2 through the carbonation of
rock-forming silicate minerals, focusing on olivine and
plagioclase.44,45 In comparison, the carbonation of calcium
sulfates, and particularly the carbonation of anhydrite, has
signiﬁcant advantages that render this process as potentially
more eﬀective for the capture and long-term storage of CO2.
First, the kinetics of the carbonation reaction is much faster in
the case of anhydrite than in the case of olivine and plagioclase.
Second, the carbonation of olivine is accompanied by a positive
Crystal Growth & Design Article
DOI: 10.1021/acs.cgd.7b01610
Cryst. Growth Des. 2018, 18, 1666−1675
1673
molar volume change, a passivation and self-limiting phenom-
ena which have been reported to take place during the
development of this reaction.46−48 In contrast, anhydrite
carbonation is accompanied by a negative molar volume
change, which necessarily involves the generation of porosity.
Third, the characteristics of calcite epitactic overgrowths, which
contain an intrinsic intergranular porosity, irrespective the
cleavage surface, that would prevent full passivation during
anhydrite carbonation reactions. Finally, in the Earth’s surface,
anhydrite deposits are widespread and, in general, accessible.
Therefore, we conclude that anhydrite carbonation appears as a
potentially eﬃcient process worth to be taken into consid-
eration when designing strategies for the capture of CO2
through solvent mediated mineral replacement reactions.
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(12) Fernańdez-Díaz, L.; Pina, C. M.; Astilleros, J. M.; Sańchez-
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Fernańdez-Díaz, L. Computational investigation of the influence of
tetrahedral oxoanions (sulphate, selenate and chromate) on the
stability of calcium carbonate polymorphs. RSC Adv. 2015, 5, 59845−
59852.
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Abstract: In this work, we aimed to experimentally study the nucleation and growth of CaCO3 
phases precipitated from supersaturated aqueous solutions in the presence of varying 
concentrations of sulphate oxyanion. The experiments were conducted under pH conditions close 
to neutral (7.6) and by considering a wide range of initial (SO42−)/(CO32−) ratios (0 to approx. 68) in 
the aqueous solution. We paid special attention to the evolution of the precipitates during ageing 
within a time framework of 14 days. The mineralogy, morphology, and composition of the 
precipitates were studied by X-ray diffraction, Fourier transform infrared spectroscopy, scanning 
electron microscopy, and EDX microanalysis. The concentration of sulphate ions in the reacted 
aqueous solution was studied by ICPs. The experimental results showed that the mineral 
composition of the precipitate recovered in each run varied with the (SO42−)/(CO32−) ratio in the 
parental solution, which influenced the mineral evolution of the precipitates during ageing. We 
observed that high concentrations of sulphate in the aqueous solution stabilized the vaterite 
precipitates and inhibited calcite formation. Furthermore, aragonite never precipitated directly 
from the solution, and it was only formed via a dissolution-precipitation process in solutions with a 
high (SO42−)/(CO32−) ratio after long reaction times. Finally, gypsum only precipitated after long 
ageing in those aqueous solutions with the highest concentration of sulphate. The reaction 
pathways during ageing, the morphology of the calcite crystals, and the composition of vaterite 
and calcite were discussed considering both kinetic and thermodynamic factors. These results 
showed a considerably more complex behavior of the system than that observed in experiments 
conducted under higher pHs and supersaturation levels and lower (SO42−)/(CO32−) ratios in the 
aqueous phase. 
Keywords: CaCO3 polymorphs; sulphate; ageing process; aragonite; gypsum 
 
1. Introduction 
The presence of calcium carbonate mineral phases is ubiquitous in surface and subsurface 
environments in the Earth. Calcium carbonate phases in such environments range from amorphous 
to crystalline and from anhydrous (calcite, aragonite, and vaterite (CaCO3)) to differently hydrated 
(monohydrocalcite (CaCO3·H2O) and ikaite (CaCO3·6H2O)) [1]. In these environments, the only 
stable phase of calcium carbonate is calcite, which appears as the main constituent of sedimentary 
carbonate rocks [1,2] and hard tissues in marine organisms [2–4]. However, all other phases can also 
form and often remain metastable over long periods due to kinetic factors and/or the influence of 
specific chemical species in a variety of bio-geological contexts [5–7]. Thus, amorphous CaCO3 
(ACC) plays a main role in the early stages of the formation of carbonate hard tissues, where it forms 
at far-from-equilibrium conditions and, following Ostwald’s step rule, subsequently transforms into 
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other CaCO3 phases through different reaction pathways [8–10]. In carbonate hard tissues, ACC can 
also remain stabilised in specific locations under the influence of organic molecules and/or inorganic 
foreign ions like magnesium [11] as a sort of CaCO3 storage which can eventually be disposed for 
hard tissue-damage reparation [12]. The appearance of the hydrated forms of calcium carbonate 
ikaite and monohydrocalcite is restricted to very specific environments like near-freezing conditions 
aqueous environments where the presence of magnesium or phosphate ions has been proposed to 
promote their formation [13,14]. Kinetic effects facilitate the formation of vaterite in natural 
environments where this phase represents an intermediate step in the reaction pathway that leads 
from ACC to calcite following Ostwald’s steps rule [15]. The seasonal formation and temporal 
stabilization of vaterite in evaporite-rich geological settings has also been linked to the influence of 
high concentrations of dissolved sulphate [16]. Finally, aragonite is the second most abundant 
CaCO3 phase in surface and subsurface environments after calcite [17]. Aragonite also is a main 
component of carbonate biominerals, often coexisting with calcite in the same hard tissue [4,18,19]. 
The main role played by high Mg2+/Ca2+ ratios in aqueous environments as the determining factor in 
the crystallization and stabilization of aragonite has been long known [5]. This role has been 
attributed to the inhibitory effect of dissolved magnesium on the growth of calcite [20–23]. Changes 
in the Mg2+/Ca2+ ratio in seawater have been proposed to explain the recurrent calcite-aragonite 
switches in marine CaCO3 biominerals along Earth’s history [24]. Consequently, the influence of 
different foreign ions in the crystallization of CaCO3 and, specifically, in its polymorph selection has 
long been a main topic of research in carbonate mineralogy. Understandably, most research efforts 
have been focused on shedding light on the role of magnesium and, to a lesser extent, that of other 
cations like Sr2+ or Co2+ [5,23,25–27]. However, much less attention has been paid to the influence of 
different anions on CaCO3 polymorph selection, even though there exists strong evidences that this 
influence, especially that of tetrahedral oxyanions, could also be most relevant [28]. Indeed, as 
mentioned above, phosphate oxyanions have been linked to the formation of ikaite [13]. A combined 
role of sulphate and Mg2+ in the switch from calcite to aragonite seas has been claimed on both 
geochemical and experimental evidences [29]. The notion that sulphate (SO42−), chromate (CrO42−), 
and selenate (SeO42−) promote the formation of vaterite and inhibit its transformation into calcite is 
supported by overwhelming experimental evidence [30–38]. Furthermore, this notion has been 
given theoretical support by computational studies that relate the effect of tetrahedral oxyanions on 
CaCO3 polymorph selection to thermodynamic effects arising from the different impacts that their 
incorporation-substituting carbonate groups have on the structure of the three CaCO3 polymorphs 
calcite, aragonite, and vaterite [28,31]. This incorporation produces a most significant disruption of 
the local structure of aragonite. Although less so, this disruption still is very marked in calcite, while the 
vaterite structure is the least disturbed by the isomorphic incorporation of tetrahedral oxyanions.  
In an earlier work, the specific influence of the presence of sulphate oxyanions in the 
crystallization medium on the formation and evolution upon ageing of CaCO3 precipitates was 
studied at high pHs (10.9) by conducting batch experiments [31]. High pH conditions are restricted 
to limited geological settings such as hyper alkaline lakes in connection to tectonic rifts [39]. Even 
though other authors have studied the influence of sulphate ions on the precipitation of CaCO3 
under lower pHs [37,38], these studies only explored a narrow range of SO42−/CO32− ratio conditions 
and a comprehensive study of close-to-neutrality conditions is still missing. In this study, we aim to 
improve our current understanding of the influence of sulphate oxyanions in CaCO3 formation and 
evolution by filling this gap. We present here the results of precipitation experiments conducted 
under circa neutral conditions (initial pH = 7.6), closer to those commonly found in surface and 
subsurface waters, and by considering a wide range of initial SO42−/CO32− ratios (0 to approx. 68) in 
an aqueous solution. Furthermore, we study the evolution of the precipitates upon ageing within a 
time framework of 14 days, regarding its mineralogy, morphology, and composition of the different 
phases that constitute the precipitate at each stage. Different reaction pathways during ageing are 
unraveled depending on the initial (SO42−)/(CO32−) ratio in the solution. These pathways are 
discussed considering both the kinetic and thermodynamic arguments. Our goal is to draw general 
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conclusions on the influence of sulphate oxyanions and the (SO42−)/(CO32−) ratio in aqueous 
environments on the polymorphic selection of CaCO3. 
2. Materials and Methods  
Stock solutions of CaCl2 (1M, Fluka, Sigma-Aldrich, St. Louis, MO, USA), NaHCO3 (99.7%, 
Panreac, Barcelona, Spain), and Na2SO4 (>99%, Sigma-Aldrich, St. Louis, MO, USA) were prepared 
with deionized water (Millipore, Burlington, MA, USA; resistivity = 18.2 MΩ·cm). The CaCO3 
precipitates were obtained by mixing 50 mL of a CaCl2 solution with 50 mL of a stirred NaHCO3 + 
Na2SO4 solution ((SO42−)/(CO32−) = 0–67.6) in Erlenmeyer flasks (Pyrex). The flasks were immediately 
closed and kept at 25 ± 0.5 °C while continuously stirred by means of a magnetic stirrer. PHREEQC 
software [40] was used to calculate the solution speciation and supersaturation with respect to the 
different solid phases that can form in the system using the phreeqc.dat database. This database 
includes a Ksp of 10−8.48 for calcite, of 10−8.34 for aragonite, of 10−4.58 for gypsum, and of 10−4.36 for 
anhydrite. The Ksp of 10−7.91 for vaterite [41] and of 10−6.0 for ACC [42] were manually added to this 
database.  
Table 1 shows the initial concentration of the reactants, the initial calculated pH, the activities of 
the relevant species, and the saturation indexes (SI) with respect to calcite (Cal), aragonite (Arg), 
vaterite (Vtr), gypsum (Gp), and anhydrite (Anh). In all the experiments, the solutions were initially 
highly supersaturated with respect to the three CaCO3 polymorphs. In order to maintain the 
supersaturation at an approximately constant value with respect to the three CaCO3 polymorphs 
(SICal  2.35, SIArg  2.2, and SIVtr  1.8), the CaCl2 concentrations were adjusted. Only the solutions in 
experiments A15 to A25 were supersaturated with respect to gypsum (SIGp ≤ 0.25). In all experiments, 
the solutions were undersaturated with respect to anhydrite. It is important to note that the 
mentioned SI values are those that would be reached if mixing were instantaneous and if no 
crystallization occurred before the complete homogenization of the solution were reached after 
mixing. This is an unlikely situation, and it can be assumed that some CaCO3 precipitation will take 
place before a complete mixing of the reactant solutions [43–45]. This might lead to precipitates that 
are chemically inhomogeneous regarding their concentration of impurities. 
Table 1. A summary of the initial fluid chemistry. 
Experiment 
Solution Composition (M)  Relevant Dissolved Species Saturation Indexes 
(SO42−)/(CO32−) 
[CaCl2] [NaHCO3] [Na2SO4] pH (CO32−) (SO42−) (Ca2+) SICal SIArg SIVtr SIGp SIAnh 
A0 0.05 0.05 - 7.62 5.81·10−5 0 1.38·10−2 2.38 2.24 1.81 - - 0 
A3 0.04 0.05 0.003 7.66 6.66·10−5 5.65·10−4 1.10·10−2 2.34 2.20 1.77 −0.63 −0.93 8.48 
A5 0.04 0.05 0.005 7.67 6.71·10−5 9.42·10−4 1.08·10−2 2.34 2.19 1.77 −0.42 −0.72 14.03 
A7 0.04 0.05 0.007 7.67 6.76·10−5 1.32·10−3 1.05·10−2 2.33 2.19 1.76 −0.28 −0.58 19.51 
A15 0.05 0.05 0.015 7.64 6.11·10−5 2.55·10−3 1.20·10−2 2.34 2.20 1.77 0.06 −0.24 41.78 
A20 0.05 0.05 0.020 7.64 6.18·10−5 3.39·10−3 1.15·10−2 2.33 2.19 1.76 0.17 −0.13 54.87 
A22 0.05 0.05 0.022 7.65 6.21·10−5 3.73·10−3 1.13·10−2 2.33 2.18 1.76 0.20 −0.10 60.00 
A25 0.05 0.05 0.025 7.65 6.25·10−5 4.23·10−3 1.10·10−2 2.32 2.17 1.75 0.25 −0.05 67.61 
Three independent runs were conducted for each experiment. The experimental runs were 
terminated after six different ageing times (5 min; 10 h; and 1, 3, 7, and 14 days). The precipitates 
were separated by filtering the aqueous phase through a 0.45-μm cellulose acetate membrane 
(Sartorius stedim; Albet), thoroughly rinsed with deionized water, subsequently rinsed with 10 mL 
of ethanol, and left to dry overnight at 30 °C in a drying chamber. The filtered aqueous solutions 
were stored in closed Pyrex flasks at 4 °C in a refrigerator until they were prepared for analysis. 
2.1. Sample Characterization 
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The filtered solid phases recovered from each experiment were characterized by different 
techniques to determine their mineralogy, their chemical composition, and the morphology and size 
of their crystalline constituents. The precipitates were first analyzed by powder X-ray diffraction 
(XRD) to identify the mineral phases by means of a Panalytical X`Pert PRO MRD 
microprocessor-controlled X-ray diffractometer (version, Panalytical B.V., Almelo, The 
Netherlands). Most of the diffraction patterns were recorded between 20° and 60° and a few of them 
between 10° and 60° with a step size of 0.001° and using Cu Kα radiation. Diffractograms were 
processed with the X’Pert HighScore Plus (PANalytical B.V.) software. The diffraction patterns were 
compared to standard powder diffraction files from the ICDD-PDF2 data base (release 2007): 00–
005–0586 for calcite, 01–080–2790 for aragonite, 04–017–8634 for vaterite, and 04–016–3025 for 
gypsum. 
The precipitates were further analyzed by Fourier Transform Infrared (FTIR) spectroscopy 
using a BRUKER IFS 66v/S spectrophotometer (BRUKER, Billerica, MA, USA) equipped with a 
triglycine sulphate (TGS) detector. FTIR spectra were recorded on samples diluted in KBr by the 
co-addition of 64 scans, with a precision of 0.2 cm−1. The morphology of the mineral phases of the 
precipitate was imaged using a JEOL JSM 6400 Scanning Electron Microscope (SEM) (JEOL Ltd., 
Akishima, Tokyo, Japan). Semiquantitative chemical analyses of the precipitates were obtained 
using an Oxford Instrument Energy Dispersive X-ray (EDX) detector. KristalShaper software [46] 
was used to model the habit of calcite crystals.  
In order to determine the content of S in the aqueous solution from each experiment, the 
solutions were analyzed immediately after filtering using inductively coupled plasma-optical 
emission spectrometry (ICP-OES) (SPECTRO Arcos, SPECTRO, Kleve, Germany). 
3. Results 
3.1. Mineralogical Evolution of the Precipitation during Ageing 
The mineralogical evolution of the precipitates during ageing is summarized in Table 2 and 
illustrated in Figures 1 to 4. 
Table 2. The mineral identity of the solid phases recovered in each experiment after different ageing 
times: Note that the phases in brackets indicate that they are very scarce but that they are 
unequivocally identified at least in one of the analytical techniques used. 
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Vtr, Arg, Cal, (Gp) 
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Vtr, Arg, Gp 
The XRD and FTIR analyses of the precipitates evidence that, soon after their formation (ageing 
time = 5 min), they mainly consist of vaterite, with calcite present as a minor phase. The amount of 
calcite in the precipitate in a 5 min reaction progressively decreases as the initial (SO42−)/(CO32−) ratio 
in the aqueous solution increases. This is clearly evidenced by the increase in the intensity of the 
peaks assigned to vaterite and the decrease of those attributed to calcite in the diffraction patterns 
recorded in the samples corresponding to this ageing time (Figure 1a). Thus, the amount of calcite is 
significant in A0, where the initial (SO42−)/(CO32−) ratio in the aqueous solution is 0, while no calcite is 
detected in experiment A22 when the initial (SO42−)/(CO32−) ratio is 60.0. The FTIR spectra show 
absorbance band characteristics of vaterite and/or calcite, whereas the presence of aragonite is not 
detected (Figure 1b). A very weak band at approx. 1130 cm−1 (found in the spectrum of precipitates 
from experiments A5–A22 but absent in that corresponding to the solids formed from sulphate-free 
solution A0) can be assigned to sulphate ions incorporated in the structure of vaterite and/or calcite. 
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Figure 1. The XRD patterns (a) and infrared spectra (b) of precipitates sampled after 5 min of reaction 
in the case of experiments A0, A5, A15, and A22 with initial (SO42−)/(CO32−) ratios of 0, 14.0, 41.8, and 
60.0, respectively. 
Furthermore, the mineralogical composition of the precipitates evolves with ageing time, 
following trends with characteristics varying depending on the initial (SO42−)/(CO32−) ratio in the 
solution. The composition of precipitates formed in experiments A0 to A5, where the initial 
(SO42−)/(CO32−) ratio in the aqueous solution varies between 0 and 14.03, shows a similar evolution 
trend. This trend is characterized by the progressive decrease of the amount of vaterite present in the 
precipitate as ageing progresses (Figure 2). This decrease takes place at a slower rate with increasing 
initial (SO42−)/(CO32−) ratios in the aqueous solution, as confirmed by both XRD (Figure 2a) and FTIR 
spectroscopy (Figure 2b). Thus, in the absence of SO42− in the solution (A0 in Tables 1 and 2; 
(SO42−)/(CO32−) = 0), the precipitate exclusively consists of calcite after 3 days of ageing. In experiment 
A3 ((SO42−)/(CO32−) = 8.48), vaterite and calcite are detected after 3 days but calcite is the only CaCO3 
phase present in the precipitate after 7 days of ageing. In contrast, vaterite is still present in the 
precipitate formed in A5 ((SO42−)/(CO32−) = 14.0) after 7 days of ageing (Figure 2; Table 2) but is 
undetected in the solid phase recovered after 14 days of reaction. This trend is observed in all these 
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three experiments, i.e., vaterite can remain for longer ageing periods when the (SO42−)/(CO32−) ratio 
increases. 
 
Figure 2. The XRD patterns (a) and infrared spectra (b) of precipitates sampled from aqueous 
solutions with low (SO42−)/(CO32−) ratios (A0–A5) as a function of time. 
A different mineralogical evolution trend is observed in experiments A7 to A20, where the 
initial (SO42−)/(CO32−) ratio in the aqueous solution varies between 19.51 and 54.87 (Figure 3). In this 
case, the formation of aragonite is also observed during ageing. This CaCO3 polymorph appears as a 
constituent of the precipitate formed after ageing times that are shorter, as the initial (SO42−)/(CO32−) 
ratio in the aqueous solution is higher. Thus, aragonite is detected in the precipitate formed in A7 
and A15 after 7 days of ageing, while this phase is found much earlier in the precipitate formed in 
A20 after only 1 day of ageing. This evolution trend is particularly evident in the FTIR spectra, which 
show weak bands at approx. 699 cm−1 and 712 cm−1 and at approx. 855 cm−1, consistent with the 
positions of the υ4 antisymmetric bending and υ2 out-of-plane vibrations of carbonate ion in 
aragonite, respectively. These bands are absent in the precipitates formed after short times of ageing 
(3 days and shorter for A7 and A15 and 10 h and shorter for A20). It is worthwhile to note that after 
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14 days of ageing, these precipitates consist of the three CaCO3 polymorphs, vaterite, aragonite, and 
calcite, together with gypsum as a minor phase. Calcite is still the most abundant phase in A7, 
whereas vaterite is the most abundant one in A15 and A20 (Figure 3a). Bands at 1130, 628, and 608 
cm−1, particularly evident in the precipitate formed in A20 after 14 days of ageing, can be assigned to 
sulphate ions incorporated into the lattice of the CaCO3 polymorphs. 
 
 
Figure 3. The XRD patterns (a) and infrared spectra (b) of precipitates sampled from aqueous 
solutions with (SO42−)/(CO32−) ratios of 19.51 and 54.87 (A7 and A20) as a function of time. 
Another mineralogical evolution trend is observed in experiments A22 and A25, where the 
initial (SO42−)/(CO32−) ratios in the aqueous solution are 60.00 and 67.61, respectively (Figure 4). In 
these experiments, vaterite is always the first and only phase that precipitates whereas calcite, never 
forms part of the precipitate regardless of the ageing time. It also is worthwhile to note that the 
formation of aragonite is unequivocally observed after 1 day of ageing in both experiments A25 and 
A22. After 7 days, gypsum precipitates and coexists with vaterite and aragonite, also in both 
experiments. 
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Figure 4. The XRD patterns (a) and infrared spectra (b) of precipitates sampled from aqueous 
solutions with the highest (SO42−)/(CO32−) ratio (67.6) (A25) as a function of time. 
3.2. Characterization of the Precipitate and the Aqueous Solution 
The SEM micrographs in Figure 5 show that vaterite appears as cauliflower-like aggregates 
(Figures 5a,b) or radial aggregates that consist of lens-shaped crystallites (Figure 5c,d). As is 
apparent, no significant evolution of the vaterite morphology is observed as a function of the initial 
(SO42−)/(CO32−) ratio in the aqueous solution or the ageing time. In contrast, calcite appears as single 
crystals with morphologies and sizes highly dependent on both reaction time and initial 
(SO42−)/(CO32−) ratio in the solution. Thus, in experiment A0, where there is no sulphate in the 
solution, calcite crystals are bounded by flat {104} rhombohedron faces regardless of the reaction 
time and show sizes in the 10−25 μm range (Figures 5a,c,e). In experiments A3 to A7, where the 
initial (SO42−)/(CO32−) ratio varies between 8.5 and 19.5, the calcite crystals that formed early after the 
mixing of the aqueous solution also show the typical rhombohedron-like shape with flat {104} 
faces (Figure 5f). However, their morphology undergoes an evolution as ageing progresses. This 
evolution is characterized by a progressively increasing elongation along [001] (Figures 5f−h) as well 
as by the emergence of rough pseudofacets that lead to the development of a new form, the more 
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acute {021} rhombohedrum (see inset in Figure 5h). This evolution seems to be more marked in 
precipitates A7 and A5 than A3, which points to a positive relationship between the higher initial 
(SO42−)/(CO32−) ratio in the aqueous solution and more elongated and rougher-faced calcite crystals. 
Thus, after 14 days of ageing, calcite crystals formed in experiment A3 show a length/width ratio 
around 2.4. This ratio is around 3.3 and 3.5 in calcite crystals formed in experiments A5 and A7, 
respectively (Figures 5i,j). As mentioned above, calcite crystals are hardly noticeable in experiments 
A15 to A20 and are absent in experiment A22 and A25 regardless of the reaction time. 
 
Figure 5. SEM images of the precipitates recovered from solutions with different (SO42−)/(CO32−) 
ratios after various elapsed times ranging from 5 min to 14 days. Vaterite appears as cauliflower-like 
aggregates (a,b) or lens-shaped crystallites (c,d). When there is no sulphate in the solution, the calcite 
crystals are bounded by flat {104} rhombohedron faces (a,c,e). In solutions with a moderate 
concentration of sulphate, the calcite crystal habit undergoes an evolution characterized by a 
progressive increase in elongation along [001] (f–j) and by the emergence of the {021} form (see 
inset in h). Aragonite appears as crystals with the so-called “morning-star” morphologies (k). 
Gypsum crystals exhibit tabular habits with the {010} form as the main face (l). 
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Aragonite is observed in experiments A7–A25 ((SO42−)/(CO32−) = 19.51–67.61). In all cases, 
aragonite appears as crystals bounded by curved prismatic faces. These crystals grow on the surface 
of vaterite aggregates, forming so-called “morning-star” aggregates (Figure 5k). Finally, gypsum 
crystals, which are observed in experiments A22 and A25, typically exhibit tabular habits with the 
{010} form as the main face with an accentuated elongation along [001] (Figure 5l). 
EDX analyses conducted on vaterite and calcite crystals evidence that they contain S in all the 
cases, except for the vaterite and calcite crystals formed in the absence of SO42− (experiment A0) in 
the aqueous solution. For both vaterite and calcite, a direct correlation between the [S] (% at) and the 
initial (SO42−)/(CO32−) ratio in the aqueous solution is detected (Figure 6a). Thus, after 5 min of 
reaction, a [S] (% at) of 0.91 was measured in vaterite aggregates formed in experiment A3, while the 
S/Ca ratios were as high as 1.54 and 3.23 in vaterite formed in experiments A7 and A25, respectively. 
A similar trend was observed in calcite crystals, where the S/Ca ratio after 5 min of reaction were 
2.81 in experiment A3, 4.48 in experiment A5, and 5.76 in experiment A20. It is interesting to note 
that for both calcite and vaterite for a given (SO42−)/(CO32−) initial ratio, the highest S content is 
always detected in the precipitates with shorter ageing (5 min of reaction) and progressively 
decreases as ageing progresses. This evolution is depicted in Figure 6b for calcite formed in 
experiment A5. It is also striking that, regardless of the initial (SO42−)/(CO32−) ratio and the ageing 
time, calcite crystals always show higher S contents than vaterite aggregates. The small size of 
aragonite crystals formed in experiments A7 to A25 and gypsum crystals formed in experiments A22 
and A25 prevented EDX analyses from being conducted on them. 
 
Figure 6. (a) The concentration of S (% at) in calcite and vaterite sampled after 5 min of reaction as a 
function of the initial (SO42−)/(CO32−) ratio and (b) the variation of [S] (% at) with ageing in calcite 
crystals sampled from aqueous solutions with a (SO42−)/(CO32−) ratio of 14.03 (A5). 
Finally, ICP-OES analyses of the S concentration in the aqueous solution show that at 5 min of 
reaction, the concentration of S in the aqueous solution is progressively lower than the initial 
aqueous solution as the initial (SO42−)/(CO32−) ratio in the aqueous solution increases (Figure 7a). 
Furthermore, the concentration of S in the aqueous solution varies with ageing time, following 
similar trends independently of the initial (SO42−)/(CO32−) ratio in the solution (Figure 7b). Thus, the 
concentration of S in the aqueous solution is characterized by a rapid drop followed by a progressive 
increase as ageing progresses. 
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Figure 7. (a) The concentration of S (from inductively coupled plasma-optical emission spectrometry 
(ICP-OES) analyses) in aqueous solutions sampled after 5 min of reaction as a function of the initial 
(SO42−)/(CO32−) ratios (dashed lines): The initial concentrations of S in the solutions are connected by a 
solid line. (b) The evolution of the concentration of S (from ICP-OES) of aqueous solutions with 
initial (SO42−)/(CO32−) ratios of 0 (A0), 14.3 (A5), 41.8 (A15), and 67.7 (A25), respectively. 
4. Discussion 
The experimental results described in the previous section (XRD and FTIR analyses) show that 
the mineral composition of the precipitate recovered in each run varied as a function of two main 
factors: the high supersaturation of the parental aqueous solution, which controls the phases that are 
formed at the initial stages of crystallization, and the (SO42−)/(CO32−) ratio in the parental solution, 
which influences the mineral evolution of the precipitates during ageing. After the mixing of the 
reactants, the aqueous solutions are highly supersaturated with respect to all the crystalline CaCO3 
polymorphs (Table 1), and spontaneous precipitation takes place. According with the Ostwald step 
rule [15], the formation of the most soluble and disorder phase is kinetically favored [47]. However, 
under the conditions used in these experiments, the precipitation of the amorphous calcium 
carbonate, the most soluble CaCO3 phase, can be discarded since the aqueous solution is always 
undersaturated with respect to this phase (SIACC ≤ −0.1). Therefore, kinetics factors promote the 
formation of vaterite as the first phase that precipitates immediately after the mixing of the parental 
solutions. After vaterite nucleation, the system can further reduce its free energy by the subsequent 
transformation of vaterite into calcite through a solvent mediated transformation [48]. In addition, a 
reduction of supersaturation resulting from the growth of vaterite promotes the nucleation of calcite. 
Therefore, as the system approaches equilibrium, the most stable CaCO3 phase, calcite, should 
become the prevailing phase at the expense of vaterite. The mineralogical evolution observed in 
experiments with the lower initial (SO42−)/(CO32−) ratios (A0–A5) is in good agreement with this 
expected evolution. Furthermore, it is in good consonance with the precipitate mineralogical 
evolution upon ageing previously observed in similar mixing experiments conducted in more highly 
supersaturated systems (SICal approx. 3.7) under higher pH (approx. 10.9) [31]. Our current results 
are further evidence that the presence of a high amount of sulphate ions in the aqueous media slows 
down or even inhibits the direct precipitation of calcite and transformation of vaterite into calcite, 
thereby contributing to the stabilization of vaterite with respect to calcite. The prolonged existence of 
vaterite as a major constituent of the precipitate is observed in all the experiments. The stabilization 
of vaterite is more evident the higher the (SO42−)/(CO32−) ratio is in the aqueous solutions. Indeed, in 
experiments A22 and A25, where this ratio is highest, vaterite does not transform into calcite even 
after 14 days of ageing. These results are again consistent with those previously reported by 
Fernández-Díaz et al [31], who notice that vaterite can remain as a major constituent phase for long 
ageing periods when (SO42−)/(CO32−) ratios are higher than one. The stabilization of vaterite and the 
retardation of calcite crystallization in the presence of sulphate ions can be explained by a 
combination of both thermodynamics and kinetics factors. The computational modelling of the 
substitution of a small amount of carbonate groups by sulphate groups in the structures of vaterite 
and calcite [28,31] showed that the vaterite structure is much less disrupted by the isomorphic 
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incorporation of AO42− groups, including sulphate, chromate, and selenate, than the calcite structure. 
In the case of sulphate, the incorporation of this oxyanion results in an increment of calcite lattice 
energy, while it has the opposite effect on the lattice energy of vaterite. This different impact of 
sulphate isomorphic incorporation on the energetics of calcite and vaterite structures is especially 
relevant for the S content range up to 3% molar fraction, where it translates into an effective 
reduction of the energy difference between the two calcium carbonate polymorphs. The larger 
capability of vaterite to accommodate sulphate oxyanions in its structure compared to calcite seems 
to be in contradiction with the experimental evidence provided by the EDX analyses of calcite and 
vaterite grains in the precipitates obtained in these experiments. These analyses steadily show a 
higher S content in calcite crystals than in vaterite aggregates formed in the same experiment. This is 
regardless of the initial (SO42−)/(CO32−) ratio and the ageing time (see Figure 6a). Similar results were 
reported by Fernández-Díaz et al. [31] for precipitates formed under higher supersaturations and 
pHs. These authors explain the apparent contradiction between the experimental results and the 
energy-based expectations considering that the higher S contents measured in calcite most likely 
were the consequence of this phase forming later than vaterite. In such a scenario, calcite crystals 
would have grown from a CO32−-depleted medium after vaterite nucleation and, consequently, in a 
solution with a (SO42−)/(CO32−) ratio significantly higher than the initial one.  
Although the results of computer simulations of sulphate incorporation do not predict stability 
crossovers between vaterite and calcite, the approximation of the lattice energy of both polymorphs 
can explain the increasingly larger duration of vaterite as a precipitate component with a growing 
initial sulphate concentration in the solution.  
While the incorporation of impurities from the aqueous solution can change the lattice energy 
of the bulk crystal, surface-related phenomena like impurity adsorption can modify the surface 
chemistry of the different polymorphs, thereby changing their surface energies [49]. The impact of 
this phenomenon is particularly relevant in the case of small particles, where the surface/volume 
ratio is very high, and the effect of lattice energy in the stability of the different polymorphs is 
comparatively much less important than that of surface energy. A small increase of the surface 
energy of calcite nanoclusters and nanoparticles due to sulphate adsorption could dramatically 
increase the barrier for its nucleation, since such a barrier is proportional to the square of the surface 
energy. Were this to happen, the main outcome would also be a progressively slower transformation 
of vaterite into calcite as the (SO42−)/(CO32−) ratio in the parent aqueous solutions increases. Kinetics 
arguments involving the adsorption of impurities have often been invoked to explain the 
stabilization of vaterite with respect to calcite and the retardation of calcite nucleation and growth. 
Phenomena observed during the precipitation of CaCO3 from a supersaturated aqueous solution 
bearing phosphate ions are an example [50]. In this system, the stabilization of vaterite was rather 
attributed to the blocking of active sites for dissolution on the surface of this phase due to the 
adsorption of phosphate ions. A similar phosphate adsorption onto surface sites was claimed to 
explain calcite growth inhibition. Indeed, a similar reasoning can be applied to explain the observed 
effect of sulphate ions. Another alternative thermodynamic and mechanistic argument has been 
invoked to explain the inhibition of calcite growth by the effect of sulphate ions. In situ atomic force 
microscopy AFM experiments of calcite growth performed using a fluid cell and flowing 
supersatutared sulphate-bearing aqueous solutions showed that a low concentration of sulphate in 
the aqueous solution (5 mM) is enough to decrease the rate of step spread on the calcite surface [51]. 
These nanoscale AFM observations supported the interpretation that the trapping of sulphate ions 
by nanometric growing layers resulted in the generation of interfacial strain energy. A strain 
relaxation perpendicular to the growing layer introduces local variations in bond lengths, giving rise 
to local departures from calcite surface ideal nanotopography. The direct consequence of this 
phenomenon is a decrease of the step advancement rate according to the so-called “template effect” 
model [20,25,52], which is more marked the larger the amount of sulphate ions trapped within 
calcite monolayers.  
An interesting result observed in experiments A7 to A25, where the initial (SO42−)/(CO32−) ratio 
in the aqueous solution was >19.51, was the formation of aragonite. It took place through the 
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solvent-mediated transformation of vaterite and could also be explained invoking both the 
thermodynamic and kinetics arguments. For equivalent compositions of sulphate in the 
polymorphs, the computer modelling of sulphate isomorphic incorporation predicts a significantly 
larger increment of aragonite lattice energy compared to that of both calcite and vaterite. This result 
indicates that the substitution of carbonate groups by sulphate in aragonite structure is very 
unfavorable [28,31]. As a result, even when this polymorph forms from highly supersaturated 
solutions with very high (SO42−)/(CO32−) ratios, it grows relatively sulphate-free compared to calcite. 
The direct consequence is a much more marked impact of the presence of sulphate in the growth 
medium on calcite stability. Indeed, the solubility of a sulphate-bearing calcite can overcome that of 
sulphate-free aragonite, as pointed out by Busenberg and Plummer [53], who reported this to be the 
case for calcites with sulphate contents above 3 mole%. Such a solubility crossover could explain the 
observation that, upon ageing of the vaterite precipitate, aragonite forms simultaneously to or even 
after the formation of the theoretically stable polymorph calcite when the concentration of sulphate 
in the aqueous solution is very high. This is the case in experiments A7 to A20. Unfortunately, the 
small size of the aragonite crystals formed in these experiments has prevented EDX analyses to 
obtain evidence that could give full support to our interpretation, although the high concentration of 
sulphate measured in calcite crystals point in this direction (see Figure 6). On the other hand, the fact 
that sulphate incorporation into aragonite structures is very unfavorable, it can be concluded that 
the inhibitory effect of sulphate ions during the growth of aragonite will arguably be less effective 
than in the case of calcite and so will be a hypothetical “template effect” mechanism.  
Besides the precipitation of CaCO3 polymorphs, gypsum was unequivocally detected after 7 
days of interaction in the experiments with the highest (SO42−)/(CO32−) ratios (A20–A25). The 
precipitation of this phase is not surprising since the initial solutions are supersaturated with respect 
to this phase (SIGp approx. 0.17–0.25). However, the early precipitation of CaCO3 phases after the 
mixing of the parent solutions depletes the solution in Ca2+ (and to a much lesser extent in SO42−), 
leading to a very important reduction of aqueous phase SIGp. Thus, systems initially close to 
equilibrium with respect to gypsum, as is the case of the solution in experiment A15, will become 
undersaturated soon after the precipitation of CaCO3 starts, making the formation of gypsum 
impossible. The systems initially more highly supersaturated with respect to gypsum will either 
approach equilibrium or become significantly less supersaturated, allowing gypsum precipitation to 
be prevented over large periods. 
The presence of sulphate in the aqueous solutions and ageing not only appears to be a critical 
factor controlling the mineralogy of the recovered precipitates but also affects the morphology of 
calcite single crystals. As mentioned in Section 3.2, after a short ageing time, calcite single crystals 
exhibit the typical rhombohedral idiomorphic shape (see Figures 5a,c,e), which progressively 
become blockier and elongated along the c-axis as ageing progresses. This elongation is clearly more 
pronounced as the (SO42−)/(CO32−) ratio in the aqueous solution increases. Since there is a clear 
correlation between the concentration of sulphate in the aqueous solution and the amount of this 
anion that is incorporated into the calcite (and vaterite) structure, directly evidenced by EDX (see 
Figure 6a) and supported by an ICP analysis (Figure 7a), we can conclude that the modification of 
the calcite crystal habit is a direct result of the incorporation/sorption of this anion. The effect of 
several ions on calcite habit has been profusely discussed in the literature. In particular, the 
elongation of calcite crystals has been interpreted as the result of a significant lowering of the surface 
energy of certain faces other than {104} due to a preferential sorption of foreign ions on these faces 
[54]. It has also been attributed to a modification of calcite surface nanotopography due to 
step-specific impurity interactions [55]. These interactions contribute to the stabilization of new 
crystal faces that become prevalent during growth. In the case under consideration here, the habit of 
calcite crystals grown in the presence of sulphate, we observe the stabilization of the {021} form. 
The resulting habits strikingly resembles those of calcite crystals grown in the presence of small 
cations such as Mg2+, Co2+, or Mn2+ [56].  
Finally, the progressive decrease of S content in both the calcite and vaterite precipitates with 
reaction time (Figure 6b), which is in good agreement with a parallel progressive increase of the 
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sulphate concentration in the aqueous solution (Figure 7b), points to the precipitate undergoing 
recrystallization processes through a dissolution-precipitation mechanism. The driving force for this 
recrystallization process could be the reduction of the extra energy associated with an excess of 
sulphate incorporated in calcite and vaterite structures under the influence of the high 
supersaturations dominating the early staged of the precipitation process. The progress of this 
recrystallization process leads to a chemical purification of the precipitates that further contributes 
to the stabilization of calcite as ageing progresses. 
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